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PREFACE 


TuHE subjects discussed in four of these six essays are those of which 
I have had personal laboratory experience during twenty to thirty 
years. I value greatly my brief association with the late Professor 
John Cadman (afterwards Lord Cadman) in the Mining Department 
of the University of Birmingham, where many problems of petrol- 
eum technology were discussed, and my happy collaboration in the 
University of Manchester with Dr (now Professor) T. K. Walker on 
the chemistry of mould metabolism. 

Dr Constance Higginbottom’s identification of Gosio-gas as 
trimethylarsine in the University of Leeds demonstrated for the first 
time the phenomenon of mycological methylation, and opened a 
way to many further studies. The fundamental researches of Dr 
Paul Haas in seaweed chemistry, his scientific curiosity regarding 
the smell noticed at low-water mark, and the laboratory skill of 
Dr Margaret Simpson led to the isolation in Leeds of the first 
natural sulphonium salt, and to the widespread recognition of the 
importance of these compounds in plant and animal biochemistry. 
My association with all these colleagues and friends has been most 
warmly appreciated. The study of Co-enzyme A brings together much 
of interest in the chemistry of sulphur and of the natural nucleo- 
tides. Chapter 6 has been written mainly from the standpoint of 
the organic chemist and, with the exception of some account of the 
importance of Co-enzyme A in the metabolism of fatty acids, its wide 
biochemical significance is only touched upon. 

It is a pleasure to acknowledge my great indebtedness to Dr 
Philip Taylor, for the care which he has devoted to the correction of 
the proofs. The editors of Quarterly Reviews, Journal of the Chemical 
Society, Biochemical Journal, Endeavour and The Manufacturing Chemist 
have kindly allowed me to incorporate, with or without modifica- 
tion, extracts from articles which I have contributed to these 
periodicals; the publishers of Federation Proceedings and Dr H. 
Mahler readily agreed to my making use of his article on Co- 
enzyme A in Volume 12. The permission of Verlag Chemie to 
include short verbatim extracts in German from early publications 
by Will and Korner and by Gerlich in Liebig’s Annalen der Chemie and 
the Berichte der deutschen chemischen Gesellschaft enabled me to explain 
concisely the position which work on mustard oil had reached almost 
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one hundred years ago. Here I must thank Dr A. Kjaer of Copen- 
hagen for the many reprints which he has sent me in connection 
with his own rapidly extending work on the natural zsothiocyanates 
and their glucosides; they have been of great assistance. 

I have had the privilege of discussing with Dr G. A. Snow his 
work on the effect of ethyl mercaptan and its derivatives in tuber- 
cular infections, and of having access to unpublished results. The 
publications of Professor J. Baddiley and his colleagues, of Dr R. L. 
M. Synge and Dr S. F. Birch have proved most valuable sources of 
information on the chemistry of Co-enzyme A and of the sulphur 
compounds present in vegetables and in petroleum respectively. 
The production of this book has been greatly furthered by the 
kindness of Professor W. Bradley who, for several years, has ex- 
tended to me the generous hospitality of his department. Finally, 
it is a pleasure to thank the publishers for the consideration which 
they have shown to me throughout the preparation of the book. 


Department of Colour Chemistry and Dyeing, BAG: 
The University, 

LEEDS 

December, 1958 
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SIMPLE ORGANIC COMPOUNDS OF SULPHUR. 
PROPERTIES, PREPARATION AND 
BIOLOGICAL SIGNIFICANCE 


In this chapter it will be convenient to include mercaptans (thiols), 
monosulphides, sulphido-acids, sulphoxides and disulphides. It is 
not proposed to summarize or discuss more than a few of their 
properties, reactions and methods of preparation but to emphasize 
those which are useful in their characterization, are less well known 
or have been used in the work discussed in the following chapters. 

Acidity of mercaptans—As they are derivatives of hydrogen sulphide 
the mercaptans exhibit acidity, which however is weaker than that of 
the parent substance!. They dissolve in aqueous alkali hydroxides 
to form mercaptides, e.g. C,H,-S-K and form insoluble compounds 
with the salts of heavy metals such as mercury, lead, thallium, copper 
and silver. These, like metal sulphides, are sometimes coloured, 
usually yellow or orange. The name mercaptan is an indication of 
the ready reaction of these compounds with mercuric oxide or 
cyanide to give mercaptides. 


2C.,H,-S-H + HgO = H,O + Hg (S-C,H;). 


The phrase Corpus mercurio aptum (compounds combining readily 
with mercury) was abbreviated to mercaptan by Zeise®*. The 
acidity of the mercaptans diminishes with increase in molecular 
weight and they are weaker acids than hydrogen sulphide, owing to 
the electron-donating effect of the alkyl group which causes the 
hydrogen atom to be more firmly fixed to the sulphur. Mercaptans 
containing four or more atoms of carbon are only partially removed 
from solution in light petroleum by shaking with aqueous sodium 
hydroxide, whereas hydrogen sulphide is completely extracted under 
such conditions. Again these higher mercaptans can be liberated by 
dilution of their alkaline solutions and partly extracted from solution 
in alkali by light petroleum. Finally, as was shown by Birch and 
Norris! they are progressively liberated from their alkaline solutions 
by boiling. 

Oxidation of mercaptans—Mercaptans are readily oxidized to 
disulphides R-S-S-R by air, especially in alkaline or ammoniacal 
solution or by iodine or sulphuric acid. This property must always 
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be taken into account when working with mercaptans. The disul- 
phides have no acidic properties and their separation from mer- 
captans presents no serious difficulty. It is often desirable, however, 
to work in an atmosphere ofnitrogen. Nitric acid oxidizes mercaptans 
to sulphonic acids, R-SO,-OH. 

Metal derivatives of mercaptanst—The mercaptides of such metals as 
gold, platinum, iridium and palladium are unattacked by dilute 
acids and can be prepared from the chlorides of these metals. As 
auric chloride is an oxidizing agent the aurous mercaptide and a 
disulphide are formed when it reacts with a mercaptan. 


AuCl, + 3R-SH =R-S-Au + R-S:S-R + 3HCI (R = C.H,, .;). 


The lead and copper mercaptides are usually yellow in colour and 
these metallic derivatives have proved to be of great value in the 
identification of mercaptans by m.p. or by analytical determination 
of the metal. 

Most mercaptides yield a metal sulphide and an organic sulphide 
on heating: 


(CH,-S-),Pb = CH,-S-CH, + PbS 


Those of mercury behave in a similar manner, but a second 
reaction involving the formation of a disulphide also occurs 


(RS) Hg = Hg + R-S.S-R 


Which reaction predominates probably depends on the nature of the 
alkyl groups and possibly on the experimental conditions. 


MERCAPTANS AND MERCURIC CYANIDE 


Owing to the solubility of many mercaptides in dilute mineral acids 
they are best prepared from the salts of metals with weak acids such 
as lead acetate, mercuric acetate or mercuric cyanide: 


Hg(CN), + 2RSH = Hg(SR), + 2HCN 


There is an added advantage in this procedure, as alkyl sulphides 
do not form insoluble compounds with 4 per cent mercuric cyanide 
or acetate. The same is true of dialkyl disulphides R-S-S-R. The 
reaction of these sulphur compounds with mercuric salts is discussed 
later. The controlled use of different salts of mercury for the 
separation of simple aliphatic or hydroaromatic compounds of 
sulphur has proved of great value both in university and industrial 
laboratories. 

Most mercaptides crystallize well and have fairly sharp melting 
points. Occasionally the mercaptide (RS).Hg is contaminated with 
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a compound containing co-ordinated mercuric cyanide and the 
melting point is depressed. This can be removed by boiling with 
water or by long shaking with cold water or on recrystallization, 
when the pure mercaptide is obtained. If this is not realized the 
incorrect impression may be gained that the mercaptan under 
examination is a mixture. This point is of importance when small 
quantities of mercaptans, such as are obtained in biochemical 
investigations, are in question; the matter has been studied in the 
case of methyl mercaptan by Dr P. A. Briscoe®. He found that the 
co-ordination of the mercuric cyanide occurs both when the mer- 
captan is added to excess of 4 per cent aqueous mercuric cyanide or 
when the pure mercaptide (CH,S).Hg is shaken with aqueous 
mercuric cyanide varying in strength from one to eight per cent. 

Pure mercury dithiomethoxide (CH,S).Hg melts at 174°-175°C 
and decomposes at 177°C. Crude specimens prepared directly from 
the mercaptan and mercuric cyanide may sinter from as low as 121 °C, 
melt from 130°-143°C and decompose at 177°C. Calculations 
based on the loss in weight of a crude sample of the mercaptide 
which had been shaken first with 4 per cent, then with 8 per cent 
mercuric cyanide and finally extracted with water, indicated the 
co-ordination of one molecule of cyanide by one of the mercaptide. 
The same conclusion was reached by noting the increase in weight 
on shaking the mercaptide with mercuric cyanide. Such crude 
addition compounds sintered at 132°-133°C and melted and 
decomposed at 141 °-142°C, On shaking with water for 12 hours 
the m.p. rose to 175°C (decomp.) indicating regeneration of the 
pure mercaptide. The best solvents for mercury dithiomethoxide 
are ethyl acetate or pyridine. 


MERCAPTANS AND MERCURIC CHLORIDE 


The use of mercuric chloride for the preparation of mercaptides 
(RS),Hg is usually undesirable because insoluble compounds of 
high melting point are often obtained. These have the structure 
R-S-HgCl and may be accompanied by co-ordination compounds 


HgCl 
eg 
of the type R-S and also by the mercaptides (RS),Hg. The 
My 
jf: 
HgCl, 


resulting mixture is often difficult to separate by simple crystalliza- 
tion. The author and Rawlings® found that when ethyl or n-propyl 
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mercaptan reacts with suitable quantities of aqueous mercuric 
chloride any one of the three compounds may be obtained at will 
though not necessarily as the only product. 

Influence of hydrogen sulphide on the course of the reaction between mer- 
captans and mercuric chloride—A further complication is found in the 
observation of the same authors that if ethyl mercaptan contains 
traces of hydrogen sulphide a red precipitate quickly becoming pink 
is produced when aqueous mercuric chloride is added. With more 
mercuric chloride the precipitate becomes white. This does not 
occur with the perfectly pure mercaptan; specimens which give a 
clean yellow precipitate with lead acetate (absence of lead sulphide) 
give only a white precipitate with mercuric chloride. On introduction 
of a few bubbles of hydrogen sulphide into the mercaptan the pink 
precipitate is readily obtained on addition of mercuric chloride. 

This phenomenon is presumably due to the formation of the red 
compound (C,H;S),Hg-2HgS probably Hg(S-Hg-S-C,H;). pre- 
pared by Sachs and Balassa’ who also describe a yellow isomer. The 
disappearance of the red colour is probably due to removal of the 
mercuric sulphide as the double compound HgCl,-2H¢gS, probably 
Hg(S-HgCl)., as described by Jolibois and Bouvois’. The yellow 
‘isomer’ of (C,H;S),Hg-2HgS mentioned by Sachs and Balassa is 
probably responsible for observations which have been made from 
time to time when ethyl] or methyl mercaptans arising from biological 
processes, and therefore contaminated with hydrogen sulphide, are 
absorbed in mercuric cyanide. Thus, Riibner® obtained yellow 
precipitates when methyl mercaptan produced by boiling vege- 
tables with water was passed through mercuric cyanide solution. 
Hydrogen sulphide would also be present under such conditions. 

The methyl mercaptan evolved by the higher fungus Schizo- 
phyllum commune on a glucose-inorganic salts medium containing 
ammonium sulphate is contaminated with traces of hydrogen 
sulphide!®4, Consequently some of the deposits obtained when the 
evolved gases were passed through aqueous mercuric cyanide were 
yellowish in colour, but yielded the pure mercaptide (CH,S) Hg 
on recrystallization. An alkaline solution of a mercaptan can be 
converted to the insoluble mercury mercaptide Hg(SR). by addition 
to aqueous mercuric cyanide’. The mercury salt is so poorly 
ionized that no mercuric oxide is precipitated. This device may 
often prove convenient in practice. 


Preparation of Mercaptans (Alkane- and Arene-thiols) 


Methods for the preparation of mercaptans have recently been 
summarized in Houben-Weyl’s monumental work Die Methoden der 
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Organischen Chemie, Band IX, Schwefel, Selen, Tellur Verbindungen'8 
where numerous references are collected. Only such reactions as 
have been simplified or improved by modern laboratory procedure 
or possess some special interest or are particularly simple or con- 
venient will be discussed here. Similar considerations will deter- 
mine the treatment of the alkyl sulphides and disulphides. 

1. Where possible the use of alkyl halides in the preparation of 
mercaptans from an alkali-metal hydrosulphide, e.g. NaSH should 
be replaced by sodium alkyl sulphates which, in many cases, as 
Meyer and Jacobson point out, need not be isolated. Ingold et al.14 
have used both methods. Probably, as is certainly the case with the 
preparation of the alkyl sulphides from sodium sulphide, dimethyl 
and diethyl sulphates could be used and the previous preparation of 
the sodium alkyl sulphates avoided. 

2. Many alkyl mercaptans are readily prepared by the alkylation 
of thiourea with alkyl halides or sulphates, followed by the decom- 
position of the resulting S-alkylthiouronium salt with sufficient 
alkali to liberate the free base, which then undergoes thermal 
decomposition 


+NaX +HOH 


+ 
a NaOH YN 
\ NH, 


S:C(NH2)2 + R°X = ese’ ‘ pea meee es] a ha 
2 


Full details for the preparation of several mercaptans by this method 
are given by Dijkstra!®. S-methylthiouronium sulphate is obtained 
from thiourea and dimethyl sulphate, and on warming with two 
equivalents of sodium hydroxide evolves a steady stream of methyl 
mercaptan. This method is convenient for the evolution of known 
quantities of very volatile mercaptans which can be removed in a 
slow stream of nitrogen to the appropriate reagent. 

3. Houben-Weyl!’ refers to the interaction of hydrogen sulphide 
and an alcohol in presence of thoria at 300°—350°C as a method for 
the preparation of mercaptans. 

4. The formation of a mercaptan by the reduction of a sulphinic 
acid by sodium bisulphite or by zinc and hydrochloric acid, often at 
room temperature, is a delicate test for sulphinic acids. 

Biological formation of mercaptans—Many instances of this will be 
considered in detail later and at present they may be summarized 
with little or no comment. 

1. Methanethiol* is almost certainly present in intestinal gases'® 


* The terms mercaptan or thiol will be used throughout this book as is found 
more convenient. 
> 
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and is evolved during the putrefaction of protein matter by bacteria?® 
or along with hydrogen sulphide by heating keratin with water at 
150°C29, It presumably arises from methionine CH,-S-CH,-CH,- 
CH (NH,)-COOH. 

2. The wood-destroying fungus Schizophyllum commune evolves 
methanethiol when grown on a glucose-inorganic salts medium 
containing ammonium sulphate”. 

3. Methanethiol is present in the urine after ingestion of asparagus” 
and in cases of severe necrosis of the liver, when it appears also to be 
evolved in the breath, probably along with dimethyl disulphide and 
possibly dimethyl sulphide?’. 

4. Mercaptans are formed by the biological fission of disulphides 
R-S-S-R e.g. by the mould Scopulariopsis brevicaulis**,*°, when the 
corresponding alkyl methyl sulphides R-S-CHg, are also formed. 
The cystine—cysteine relation and the oxidation and reduction of 
glutathione furnish other examples of this reaction. 


2H 
[COOH-CH(NH,)-CH,-S], — 2COOH-CH(NH,)-CH,-SH 
O 


Cystine Cysteine 


Thioctic acid?*-*” or lipoic acid (I) occurs in liver and in green 
plants and has been identified with a factor required by Streptococcus 
faecalis and is concerned with the oxidation of pyruvate. It may be 
involved in the processes occurring in photosynthesis and is a cyclic 
disulphide which readily undergoes reductive fission to a di-thiol 
acid. 


CH2- CH, 
S._CH-(CH,),-COOH 
of 


(1) 


3. Methanethiol occurs in several plants, e.g. in the radish26, 
1-propanethiol in the onion?’ and 1-butanethiol in the anal secretion 
of the skunk?®. 


6. Ergothioneine (II) is the betaine of thiolhistidine and occurs in 
ergot and in blood. 


INS § CHE =C0-0 
HS°@ CH N(CH3), 
N + 


(II) 
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7. The remarkable biological catalyst Co-enzyme A (see Chapter 
6) contains the terminal group —CO-NH-CH,-CH,-SH. 

8. Mercaptans are frequently present in petroleum distillates and 
a large number have been identified, especially in fractions of boiling 
point below 180°C (see Chapter 3). On account of the biological 
origin of petroleum its content of mercaptans may conveniently be 
cited in this section. 

Detection of thiol and disulphide groups in tissue slices—The well-known 
alkaline nitroprusside reaction for —SH groups and (after treatment 
of a disulphide with potassium cyanide) for —S—S— groups has 
been developed by a number of workers to permit of its use in 
chemical histology. (The potassium cyanide causes fission of the 
—S—S— group to give —SK and —SCN.) The procedure has 
been summarized in Histochemische Methoden by Lipp**. The same 
publication contains details for the detection of the thiol groups of 
proteins by a method which does not involve the use of sodium 
nitroprusside*4-36, The reagent used is 2: 2’-dihydroxy-6 : 6’- 
dinaphthy] disulphide (III) and when present in excess at pH 8-5 


HO OH CHO OCH; 
Ss HNC DD 
(II) 


(IV) 
OH OH 
Protein—S—S HS 

(V) (VI) 
CH30 OCH, 

5 gy 

7 on N \ HO 
Protein—S—S- y S—S—Protein 
(VIL) 


it reacts with the —SH groups of tissue proteins to form a colourless 
compound (V) due to the preliminary fission of the —S—S— group 
of the reagent by the —SH of the protein. This product (V) is 
insoluble in water or in alcohol-ether, whereas the reagent and the 
second product of the fission—the thiol (VI)—can be removed by 
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organic solvents. The tissue, now containing compound (V) is 
treated with the tetrazo-derivative of o-di-anisidine (IV) when a 
red or a blue dyestuff is produced according to whether coupling 
occurs once or twice. The scheme set out on p. 7 shows the formation 
of the blue dyestuff (VII). This appears in the tissue at the site of 
the original protein —SH linkage. The method can also be adapted 
as a test for the disulphide link, —S—S—, either alone or in presence 
of a thiol group. 


DIALKYL SULPHIDES 


The dialkyl. sulphides C,H,,, -S-C,H.,,, are usually liquids. 
Dimethyl sulphide boils at 38°C and diethyl sulphide at 92°C. The 
odour of the lower members—methyl to n-propyl—is much less 
unpleasant than that of the corresponding mercaptans. If traces of 
mercaptans or disulphides be removed by heating with copper 
powder at about 260°C or by washing with dilute alkali and repeated 
fractionation, the odour is not unpleasant. Dimethyl sulphide when 
largely diluted with air has an odour of seaweed and, as will be seen 
later, some marine algae evolve pure dimethyl sulphide on removal 
from the sea. The higher sulphides, e.g. n-butyl and n-amyl sulphides 
have an unpleasant smell, the rancid odour characteristic of many 
butyl and amyl compounds becoming apparent. The sulphides are 
all immiscible with water. 

Reactions of the alkyl sulphides—1. Most of the reactions are due to 
the two pairs of unshared electrons on the sulphur atom. Crystalline 
addition products are sometimes formed with bromine or iodine. 
The dibromide of dimethyl] sulphide (CH;) .SBr, was used by Haas?7 
to characterize the dimethyl sulphide evolved by the marine alga 
Polysiphonia fastigiata. Chlorine gives substitution products with 
diethyl sulphide and in absence of a solvent causes the material to 
inflame. 

2. A characteristic reaction of the alkyl sulphides is the formation 


of crystalline, often deliquescent, sulphonium salts (R,-R,-Re-S)X 
with alkyl halides, particularly the iodides, halogenated fatty acids 
and their esters and halogenated ketones. Thus 2-bromopropionic 
acid and w-bromoacetophenone give with dimethyl sulphide 


= ene + — 

(CH) 9-S(Br)-CH,-CH,-COOH and (CH;),S(Br)CH,-CO-C,H, 
respectively, Sulphuric acid dissolves alkyl sulphides giving odour- 
less solutions in which the presence of a sulphonium sulphate e.g. 


iE = 
[ (CHs) 2SH]HSO, must be assumed. This is decomposed on dilu- 
tion with water and the sulphide is regenerated. This recalls the 
similar behaviour of diethyl ether. Its odourless solution in sulphuric 
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acid presumably contains the analogous oxonium salt. Solution in 
sulphuric acid, followed by cautious dilution has been used to 
absorb and regenerate alkyl sulphides formed in very small quantities 
in some biochemical processes?8. 

3. The halides of mercury, platinum and palladium (MX,) form 
co-ordinated addition products with the dialkyl sulphides in which 
the sulphur acts as the donor atom. These have not always a simple 
structure, That from dimethyl sulphide and mercuric chloride!+14;25 
has the composition 2(CH3;).S-3HgCl,. The diethyl derivative 
(C,H;) S-2HgCl, and the methyl n-propyl compound 2(CH,-S. 
C3H,)-SHgCl, may be mentioned. Co-ordination compounds of 
this type have been carefully studied by Mann3%, Wardlaw and 
Cox*°,* and others. It should be emphasized that they do not contain 
a C—Hg link, that is to say, they are co-ordination compounds and 
not mercuration products. Consequently they are readily decom- 
posed by heat or hot water and to some extent by hot solvents and 
particularly by cold sodium hydroxide, when the characteristic 
odour of the sulphide is apparent. This test is carried out with 
minute quantities of material. The resulting alkaline mercuric oxide 
does not oxidize the dialkyl sulphides either in hot or cold suspension. 
The alkyl sulphides can therefore be purified through their mercuri- 
chlorides (which can be crystallized from hot alcohol, benzene or 
aqueous mercuric chloride) and regenerated with alkali?+:4°, The 
same is true of the dialkyl selenides R-Se-R*:43, The dialkyl 
tellurides, however, are oxidized to the telluroxides R,TeO and 
mercury is deposited*4, 

Very often a dialkyl sulphide or selenide forms two co-ordination 
compounds in which the ratio of sulphide or selenide to mercuric 
chloride is different. In such cases one of these, that with the higher 
proportion of organic component, loses some volatile sulphide or 
selenide on exposure to air and the melting point slowly changes to 
that of the other derivative. The same result can often be achieved 
by recrystallization of the ‘lower’ mercurichloride from hot aqueous 
3 per cent mercuric chloride solution. Thus methyl ethyl selenide 
forms two mercurichlorides (A) CH,-Se-C,H,;-HgCl,, m.p. 98°C 
and (B) CH,-Se-C,H;-2HgCl,, m.p. 141°C. The dimercuri- 
chloride is stable in air but the mono-derivative gradually loses 
methyl ethyl selenide and rises in m.p. on exposure to air. When 
recrystallized from aqueous mercuric chloride A gives rise to B. 
Aqueous mercuric chloride solution is an excellent reagent for 
removing and detecting small quantities of sulphides (also selenides, 
tellurides and arsines) evolved from plants or mould cultures, as the 
mercurichlorides are sparingly soluble in water. Some of them are 
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slowly dissociated in an air stream and consequently a sulphide 
mercurichloride suspended in water or dilute mercuric chloride will 
be gradually transferred to a second (clear) mercuric chloride 
solution under such conditions. 

When mercuric chloride is used as an absorbent for an alkyl 
sulphide, selenide or arsine evolved from a culture the precipitate 
which forms in the 3-5 per cent aqueous solution should be removed 
occasionally and the mercuric chloride replaced by a fresh supply. 
This has two advantages. It affords an opportunity of checking (by 
determination of m.p.) the nature of the volatile compound emerg- 
ing from the cultures and detecting any change in its composition. 
This procedure also prevents the gradual precipitation of a ‘lower’ 
mercurichloride through the slow fall in concentration of the 
absorbent due to separation of the insoluble mercurichloride. 

4. With nitric acid dialkyl sulphides form sulphoxides R,SO. As 
these are basic the product consists of the crystalline nitrate, e.g. 


dimethylhydroxysulphonium nitrate (CH,) ,S(OH)NO,. Distilla- 
tion with barium carbonate gives the sulphoxide. 

5. Oxidation with potassium permanganate or with hydrogen 
peroxide in glacial acetic acid converts dialkyl sulphides to the 
sulphones, R,SO,. These are crystalline, non-basic, very stable, 
soluble in water and somewhat volatile with steam. They can be 
reduced to the corresponding sulphide with lithium aluminium 
hydride. With Raney nickel they are converted with loss of oxygen 
and sulphur to hydrocarbons or their substitution products!®. 


Ni 
R-SO,:R’ ye RH + R’H + NiS + 2H,O 


When heated with sodium hydroxide sulphones form ethylenic 
hydrocarbons and the sodium salt of a sulphinic acid. This reaction 
was studied by Ingold and his collaborators during their early work 
on the mechanism of elimination reactions!7»48, 


OH + CH,-CH,-SO,-CH,-CH, > . 
H,O + CH, : CH, + CH,-CH,-SO, 


6. With the sodium derivatives of N-chloroamines, R’-SO,N(Cl) 


a2 = 
Na, sulphidimines R,S-N-SO,-R’ are produced from dialkyl sul- 
phides, (see Chapter 2). Chloramine-T [N-chloro-N-sodiotoluene-p- 
sulphonamide, CH,-C,H,-SO,N(Cl)Na] is particularly convenient 
for this purpose. The sulphidimines crystallize well, have sharp 
melting points, can be separated by paper chromatography and 
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regenerate the dialkyl sulphide with tin and hydrochloric acid or 
with sodium bisulphite. 


Preparation of Dialkyl Sulphides 
1. A convenient process is the use of a salt of an alkylsulphuric 
acid or of dimethyl sulphate instead of an alkyl halide. 


Na,S + 2R-O-SO,-ONa = R,S + 2SO,(ONa), 
R-S-Na + R’-O-SO,-ONa = R-S-R’ + SO,(ONa), 


Modern work along these lines was carried out by Ingold and his 
colleagues!4, 

2. Dialkyl sulphides may be obtained by passing a mercaptan over 
cadmium sulphide at 300°C?9, 

3. By addition of a mercaptan to an olefine a sulphide is formed. 
The literature on this reaction is very considerable and, as is well 
known, its course is affected by the presence of light or of per- 
oxides®®,*, Ethanethiol, for example, combines with propylene to 
give (CH,),.-CH-S-C,H, but in presence of peroxides ethyl n-propy] 
sulphide CH,-CH,-CH,-S-CH,-CH, is formed®*. The addition of 
hydrogen sulphide to olefines gives mercaptans which can then 
react with the original olefine to give sulphides. Here again per- 
oxides and ultra-violet light affect the course of the reaction so that 
the Markownikoff rule*® is not followed. 

4, The addition of a mercaptan to an af-unsaturated acid gives a 
sulphido-acid. The reaction can occur in both neutral and acid 
solution®4 (see p. 19). 

3, Dae decomposition of a sulphonium compound (R; S)X by 
nucleophilic reagents gives a sulphide which is accompanied by an 
alcohol and very frequently by both an alcohol and an olefine or 
two olefines. Considerable attention has been paid to the mechanism 
of these decompositions by Ingold and his co-workers*® and to the 
effect on the proportions of alcohol and olefine produced by altera- 
tions in the groups attached to sulphur, and in the nature of the 
reagent. Frequently the method adopted was to study the thermal 
decomposition of the sulphonium hydroxide. Crane and Rydon® 
have described the alkaline fission of sulphonium iodides of the type 


[R-CH,-CH,-S(CH,).]I and find that where R = C,H,-CO-O— 
or C,H,-O—acetylene is eliminated according to the equation 


[R-CH,-CH,-S(CH,),]i = RH + CH = CH + (CH,),S + HI 


An interesting example of olefinic decomposition of sulphonium 
salts is the action of alkali on the salt of a f-thetin, e.g. dimethyl-— 
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Pe 
B-propiothetin halide (CHs) 95 (X)-CH,-CH,-COOH whereby 


dimethyl sulphide and acrylic acid are formed*?: 


(CH,)8(X)-CH,-CH,-COOH = 
(CH,),S -+- HX + CH, : CH-COOH. 


6. Hydrogen sulphide, in presence of ammonia or dilute alkali, to 
increase ionization, combines with af-unsaturated ketones such as 
benzalacetone C,H;CH : CH-CO-CH,°°, benzalacetophenone®® 
C,H;CH : CH-CO-.C,H; and carvone to form the so-called 
‘hydrosulphides’ (VIII and IX). 


ie te 
CH CH 
C_Hs*CH-CH2°CO’CH, OC’ \CH—S—CH CO 
H,CL JOH, HCL _/CH, 
7 CH a 
Ce He*CH-CH,°CO°CH ¢ 
CH, CH, CH, CH, 
(VI) (IX) 


That the addition of hydrogen sulphide takes place at the double 
bond adjacent to the carbonyl group and not at the carbonyl group 
itself is shown by the formation of a tetrabromide of carvone hydro- 


| 
sulphide. Carvotanacetone hydrosulphide in which the CH;C=CH, 


groups are replaced by CH;CH-CH, does not combine with bro- 
mine®’?. On treatment with alkali these ‘hydrosulphides’ regenerate 
the original ketone; this reaction affords a method for the purification 
of carvone. 


Biological Formation of Dialkyl Sulphides 


1. Certain marine algae, e.g. Polysiphonia fastigiata, Polysiphonia 
nigrescens?’ and Enteromorpha intestinalis®® evolve dimethyl sulphide 
when removed from the sea. The evolution is more rapid when the 
weed is treated with cold sodium hydroxide. 

2. Various green plants, including bracken (Pteridium aquilinum) 
and several species of Equisetum (horse tails) e.g. E. arvense evolve 
dimethyl sulphide on boiling with sodium hydroxide®?. 

3. Dimethyl sulphide is probably evolved in the breath of the dog®° 
and of man® after administration of thiourea. In the case of dogs 
the odorous substance in the breath was not absorbed by 40 per 
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cent sodium hydroxide, by dilute solutions of the salts of heavy 
metals or by mercuric cyanide. This indicates the absence of a 
mercaptan. The breath when collected in a gasometer and passed 
through a hot tube into pure sodium hydroxide produced sodium 
sulphate. Concentrated sulphuric acid or saturated aqueous 
mercuric chloride absorbed it completely and liberated the odour 
again on dilution. This suggests that the substance is a sulphide 
(see p. 8). From our knowledge of the processes of biological 
methylation it is extremely probable that the breath of the dogs 
contained dimethyl sulphide. Moreover in experiments in which 
thiourea was given to patients suffering from hyperthyroidism® 
the sweetish odour exhaled in the breath was stated to resemble that 
of seaweed, [see (1) on p. 12]. The —SH group of the isothiourea 
presumably undergoes biological methylation and finally appears as 
dimethyl sulphide. 

4. The evolution of an unidentified organic sulphide from the 
sponge Suberites domuncola is described by Henze® but it was not 
investigated. Unpublished experiments by the author and Dr J. O. 
Smith suggested that an unsaturated sulphide was evolved. 

5. A few essential oils are stated to contain small quantities of 
dimethy] sulphide, e.g. African and Réunion oil of geranium®. 

6. Numerous alkyl-sulphides have been isolated from petroleum, 
often from the acid sludge obtained during the refining of the 
‘kerosene’ fraction with sulphuric acid. The question is discussed in 
detail in Chapter 3. 

7. When the urine of-dogs is boiled with sodium hydroxide 
methyl-n-propyl sulphide and much smaller quantities of a second 
sulphide, which is most probably methyl-n-butyl sulphide, are 
evolved, (see Chapter 2). These are almost certainly produced by 


ae — 
the decomposition of two sulphonium compounds (CH,-S-C,;H,-R)X 


and (CH,-S-C,Hy-R’)X (see p. 11). The nature of the groups R 
and R’ has not been determined. 


DIALKYL DISULPHIDES 


The dialkyl disulphides are colourless liquids of boiling points 
higher than those of the monosulphides. Dimethyl and diethyl 
disulphides boil at 112°C and 153°C, the corresponding mono- 
sulphides at 38°C and 92°C respectively. The disulphides have a 
more unpleasant odour than the monosulphides, but it is not so 
objectionable as that of the mercaptans. The structure (a at ss Fe 
.S.S-C,H,,,,%. Most of the reactions of disulphides depend 
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upon the ready fission of the —S—S— link by chemical or biological 
reducing agents, by hydrolysis, by reaction with alkyl halides, with 
Grignard reagents or with mercuric chloride. 


Properties of Dialkyl Disulphides 

1. Reductive fission—Reductive fission to mercaptans can be effected 
by almost any of the common reducing agents, including “sodium 
bisulphite’. 

2. Fission by halogens—Bromine in an inert solvent gives the sul- 
phenic bromides R-S-Br theoretically derived from the sulphenic 
acids, R-S-OH. In the aliphatic series these bromides are frequently 
unstable at room temperature but can be preserved for some time 
at —15°C. The aromatic sulphenyl bromides are more stable, 
especially if the benzene nucleus is substituted. This is also true of 
the chlorides. The halogen atom is very reactive and can be re- 
placed by —OH, —NH,, —NH.-Alkyl, —NH-Aryl or by —SCN or 
—CN. The last reaction affords a method for the preparation of 
substituted aryl thiocyanates from diaryl disulphides®®,®®, 

If chlorine be passed into dimethyl disulphide suspended in 
water at below 6°C oxidative fission occurs and methanesulphonyl 
chloride CH,-SO,Cl is formed*®’. This affords a good method for 
its preparation, although products of higher boiling point may also 
be produced. A similar fission occurs with aromatic disulphides in 
glacial acetic acid in presence of water, the reaction being carried 
further giving the corresponding sulphonic acid. 

3. Fission by water—Hydrolytic fission by hot water under pressure 
has been observed with diethyl disulphide®®. In a sealed tube at 
170°C for five hours ethanethiol, hydrogen sulphide and metalde- 
hyde were formed. In a copper autoclave with water at 200°-210°C 
for four hours copper sulphide and copper dithioethoxide, copper 
ethyl mercaptide, Cu (S-C,H;) ., were formed and also acetaldehyde, 
characterized as the 2 : 4-dinitrophenylhydrazone. The ethanethiol 
was liberated by acid and characterized as mercury dithioethoxide 
Hg(S-C.H5) ». 

The deposit in the autoclave on distillation in nitrogen gave 
diethyl sulphide, characterized as the mercurichloride, (see p. 9). 


(CH,-CH,-S),Cu —= CuS +- CH,-CH,:-S-CH,-CH, 


The reaction presumably first yields ethanethiol and ethane- 
sulphenic acid CH -CH,-S-OH and the sulphenic acid gives 
hydrogen sulphide and acetaldehyde according to a reaction which 
has been studied by Schéberl®»7° and his co-workers with disul- 
phidocarboxylic acids. 
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CH,-CH,-S-S-CH,-CH,+H-OH CH,-CH,-SH+HO-S-CH,-CH, 
CH,-CH,-S-OH = CH,-CH:O + H,S 


The reaction has received much less attention in the case of simple 
disulphides. 

4. Fission by mercuric chloride—The behaviour of aliphatic disul- 
phides R-S-S-R, where R = methyl to n-propyl, to aqueous mercuric 
chloride was studied by the author with Rawlings® and Blackburn?5. 
The results proved of value in the separation of the mixtures of 
sulphide, disulphide and mercaptan liberated from mould cultures 
to which substrates containing sulphur had been added. They 
might be equally useful in the study of the sulphur compounds of 
petroleum fractions of low boiling point (see Chapter 3). The 
results will therefore be discussed in some detail. 

When diethyl! disulphide or di-n-propyl disulphide was added to 
excess of an aqueous 3 per cent solution of mercuric chloride a white 
insoluble solid formed during two or three days. The mixture was 
shaken from time to time, preferably continuously. When the 
disulphide had completely reacted the solids were separated and 
found to have the composition CH,-CH,-S-HgCl-HgCl, and 
CH,-CH,-CH,-S-HgCl-HgCl,. The —HgCl group is linked co- 
valently to sulphur, the HgCl, forms a co-ordinate link. Analysis 
and determination of loss in weight on boiling with water, whereby 
the co-ordinated mercuric chloride is removed, completely estab- 
lished the composition. The chloromercuryethane and 1-propane- 
thiols CH,-CH,-S-HgCl and CH,-CH,-CH,-S-HgCl remaining 
were also analysed. . 

That the compounds R-S-HgCl-HgCl, while readily evolving the 
thiol R-SH with acid gave no volatile sulphur compound with cold 
or hot sodium hydroxide, was indicated by aspiration into mercuric 
cyanide and mercuric chloride. With dimethyl disulphide exactly 
similar results were obtained but the exact composition of the original 
precipitate CH,-S-HgCl. x HgCl, was not determined. Di-n-butyl 
disulphide and di-n-amyl disulphide, though undergoing fission 
rather more slowly with aqueous mercuric chloride, form insoluble 
chloromercuryalkanethiols R-S-HgCl and not the addition com- 
pound R-S-HgCl-HgCl,. These products were identical with those 
prepared from mercuric chloride and the thiol. Possibly the larger 
size of the n-butyl and n-amyl groups prevents co-ordination of 
mercuric chloride by the sulphur atom. 

The reaction of the disulphides with mercuric chloride giving 
R-S-HgCl might be expected to form R-S-Cl as the other product. 
This would at once be decomposed by the water to give an alkane 
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sulphenic acid R-S-OH and it would be expected that in the acid 
solution disproportionation would occur®.?°, thus 


2 R.S-OH = R-SH + R-SO.H 


The mercaptan would react further with the excess mercuric 
chloride and the sulphinic acid R-SO,H would dissolve. This was 
shown to be the case with dimethyl and diethyl disulphides. The 
excess mercuric chloride was removed by use of sodium carbonate 
or hydrogen sulphide. In each case the neutralized filtrate was 
evaporated and the residue extracted with alcohol, yielding a sodium 
salt which, in the case of the ethyl compound, decolorized iodine in 
potassium iodide and acidified permanganate solution. With zinc 
and hydrochloric acid a strong odour of ethanethiol was produced. 
Treatment of the two sodium salts with p-nitrobenzyl halide in 
alcohol gave p-nitrobenzyl methyl! sulphone and f-nitrobenzy]l ethyl 
sulphone thus proving the presence of a sulphinic acid 


NO,-C,H,:-CH,-Cl+Na-SO,-R — NO,-C,H,:-CH,-SO,-R+ NaCl 


It might be suggested that the reaction of the disulphide is not with 
mercuric chloride in the first instance but with water to give an 
equilibrium which is very much to the left: 


_ R-S-S-R + HOH 5 R-SH + R-SOH 


and that this is displaced to the right by removal of the mercaptan as 
its insoluble mercury derivative. If so, other salts of heavy metals 
which give insoluble mercaptides would be expected to react in a 
similar manner. Lead acetate solution, however, has no action on 
dialkyl disulphides. The first stage in the reaction may be the 
formation of an unstable co-ordination compound such as 


- a 
R—S—HeCi, 


| 
R—S 
followed by fission. 


THE SEPARATION OF ORGANIC COMPOUNDS OF 
SULPHUR BY MEANS OF MERCURY SALTS 


The behaviour of organic sulphur compounds towards reagents, 
especially mercury salts, varies both with the sulphur compound and 
the mercury salt and it may be convenient to summarize our 
knowledge on the subject, some of which has resulted from work 
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carried out in the author’s laboratory”. Several of the reactions 
are also discussed by Birch and McAllan”.. 


REACTIONS OF ORGANIC SULPHUR COMPOUNDS 


1. Mercaptans R-SH 
Mercuric acetate: (RS),Hg (sparingly soluble) and 
R-S-Hg-O-CO-CH, (soluble). 
Mercuric cyanide: (RS) Hg and some (RS) ,Hg.Hg(CN).. 


Water removes the co-ordinated mercuric cyanide; acids regenerate 
the mercaptan. 


Mercuric chloride: R-S-HgCl, R-SHgCl-HgCl, and 
(RS),Hg. Acids regenerate the mercaptan. 

2. Dialkyl sulphides R-S-R 

Mercuric acetate: Soluble co-ordination compounds, 
decomposed by alkali or warm acid regenerating the sulphide. 
Mercuric chloride: Sparingly soluble co-ordination compounds, 
decomposed by alkali or warm acid, regenerating the sulphide. 
Mercuric cyanide: Usually no precipitate, sulphide unchanged. 


Methyl iodide: A sulphonium iodide, [R,S-CH,] I 


3. Polymethylene (cyclic) sulphides—In general the behaviour of these 
sulphides to mercury salts is similar to that of the dialkyl sulphides. 
The cyclic sulphides, however, react rather more readily with 
aqueous mercuric acetate, leading to a separation of the two classes; 
moreover occasionally this reagent can be used to effect a partial 
separation of different cyclic sulphides (see Chapter 3). 

4. Thiophen and homologues—The preparation, properties and 
occurrence of these compounds have been described at length in 
several recent authoritative monographs”*»;74 and need not be 
considered here. Since, however, homologues of thiophen fre- 
quently accompany the other types of sulphur compound, especially 
in mineral oils?®, their behaviour with mercury salts is included for 
convenience, 


Mercuric acetate: Complex, insoluble mercurated compounds 
containing one or more C-Hg-O-CO-CH, linkages. The 
thiophen derivative is regenerated by warm acid but not by 
alkali. 

Mercuricchloride: R-C,H,S-HgCl is formed slowly by mercuration 
in presence of sodium acetate as a buffer (C—HgCl link). Can 
be crystallized. Sharp m.p. Stable to alkali; hot dilute acid 
regenerates the thiophen derivative. 
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Methyl iodide: No action. 

Oxidation: Side chain COOH or may be complete. Special 
conditions may yield sulphones or sesquioxides. 

5. Dialkyl disulphides R-S-S-R. 

Mercuric cyanide: No action with a 4 per cent cyanide solution. 

Mercuric chloride: Fission to RS-HgCl or R-SHgCl-HgCl, and 
to R-S-OH which undergoes disproportionation to R-SH and 
R-SO,H. 

Mercuric acetate: Fission occurs as with mercuric chloride but 
the resulting mercury derivatives R-S-Hg-O-COCH, are 
soluble. ri : 

Methyl iodide: Fission occurs giving two mols. of [R-S-Me,] I. 


Separation of Sulphur Compounds on the Small Scale 


By suitable choice of mercuric salts in a certain order very small 
quantities of certain sulphur compounds can be separated and 
identified. If a mixture (M) of methyl mercaptan, dimethyl 
sulphide and dimethyl disulphide is passed successively in a stream 
of air or nitrogen through (1) aqueous 4 per cent mercuric cyanide 
and (2) aqueous 3 per cent mercuric chloride, the mercury dimethyl 
mercaptide Hg(SCH3), m.p. 174°-175°C is precipitated in (1) 
usually accompanied by some of the compound Hg(SCH3) »-Hg(CN), 
so that the m.p. of the deposit may be as low as 140°C. Recrystalliza- 
tion or boiling with water removes the added cyanide and the 
pure mercaptide remains (see p. 3). In the mercuric chloride the 
dimethyl sulphide forms the insoluble co-ordinated compound 
2(CH;),S-3HgCl,, m.p. 157°-158°C, but this is accompanied by 
the compound CH;-S-HgCl or its addition compound with mercuric 
chloride, x CH,-S-HgCl. y HgCl,, arising by fission of the disulphide. 
When this mixture is warmed with sodium hydroxide pure dimethyl 
sulphide is evolved and can be collected in mercuric chloride as the 
pure addition product m.p. 157°-158°C. If the alkaline reaction 
mixture is then acidified and warmed pure methyl mercaptan is 
evolved and can again be collected in mercuric cyanide. If traces of 
hydrogen sulphide are present in the mixture (M) the original 
precipitate in the cyanide will be coloured yellow, yellowish-green or 
black according to the quantity present?®, The yellow compound is 
of the type (CH,S).Hg-HgS. Warming with dilute acid will liberate 
CH,SH and leave the HgS mainly unattacked. This method has 
been used for separations of this type where R = CH,— to n-C,H,,—. 
It has proved very useful for the analysis of the mixtures which are 
volatilized from cultures of the mould Scopulariopsis brevicaulis to 
which an alkyl disulphide has been added, which undergoes fission 
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and biological methylation giving R-SH and R-S-CH;. Some 
disulphide volatilizes unchanged (see Chapter 5). The higher 
fungus Schizophyllum commune when grown on a medium containing 
glucose and inorganic salts including ammonium sulphate evolves 
the mixture (M) containing the three methylated sulphur compounds 
and slight traces of hydrogen sulphide. Mapstone?? recommends the 
use of a 5 per cent solution of cadmium sulphate in N-sulphuric acid 
for the removal of hydrogen sulphide from its mixture with other 
sulphur compounds. 

Alkylthioacids R-S-(CH,),GQOOH—These acids or their simple 
derivatives or related compounds are frequently encountered in 
natural products’®»7®, A consideration of their structural relation to 
several compounds of biological importance shows that this is to be 
expected. 

CH,-S-CH,-CH(NH,)-COOH 
Methylcysteine 
a 
(CH,),S (X)-CH,-CH,-COOH 
Dimethy]- £-propiothetin salt 
CH,-S-CH,-CH,-COOH 
2-Methylthiopropionic acid 
CH,-:S:CH,:-CH,-CH(NH,)-COOH 
Methionine 
CH,-S-CH,:-CH,-CH,-OH 
Methionol 


Preparation—1\. If the sodium derivative of an alkanethiol reacts 
with the ester of a halogen fatty acid and the ester is hydrolysed with 
hot N-hydrochloric acid the alkylthioacid is obtained (see p. 20). 
The formation of the sodium mercaptide is conveniently carried out 
by reaction of the mercaptan with the sodium derivative of the 
alcohol containing the alkyl group in question, e.g. 


CH,-ONa + H-SCH, = CH,-S-Na + CH,OH 
CH,:SNa + Br-CH,-CH,-COOC,H; = 
CH,-S:CH,-CH,-COOC,H; + NaBr 


9. An alkanethiol may react with an a f-unsaturated acid or ester 
in either neutral®®:® or acid solution®?®* or in an anhydrous solvent 
in presence of sodium methoxide CH;-SH + CH, : CH-COOCH, = 
CH,-S-CH,-CH,-COOCHs. 

3. A mercaptide may react with a halogenated fatty acid in 
presence of sodium ethoxide in alcohol 


COOH-CH,-Cl + NaS-R = COOH-CH,:S-R + NaCl 
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or a mercaptan in 30 per cent excess of aqueous sodium hydroxide | 
may react with sodium chloroacetate, the mixture being strongly 
acidified on completion of the reaction. 

4. The decomposition of the salt of an a-thetin by heating with 
water or dilute acid gives an S-alkylthioacid: 


(CH,),8 (X)-CH,-COOH + H,O = 
CH,-OH + HX + CH,-S-CH,-COOH 


Dimethyl sulphide and glycollic acid are also produced. 

Natural occurrence of S-methylthioacids—The methyl ester of 2- 
methylthiopropionic acid, CH,-S-CH,-CH,-COOCH,, occurs in 
pineapple juice7’. It is isomeric with dimethyl-f8-propiothetin 


(CH) ,S-CH,-CH,-COO but interconversion by a reaction of the 
Willstatter type (see p. 21) has not yet been effected. The thetin 
has not been found in pineapple and the author has shown that it is 
absent from apples (Cox’s orange pippins.) The ethyl ester of thio- 
acetic acid, HS-CH,-COOC,H; has been found in beer’?®. 


THE ABNORMAL HYDROLYSIS OF METHYL 2-METHYLTHIOPROPIONATE 
AND OF METHYL 2-ETHYLTHIOPROPIONATE 


This section describes some work arising from an unexpected 
observation made during the hydrolysis of the methyl ester of 
2-methylthiopropionic acid CH,:S-CH,-CH,-COOCHs. Barger 
and Coyne* state that hydrolysis with boiling N-hydrochloric acid 
for four hours gives the corresponding acid as a liquid of b.p. 
235 °-240°C at 760 mm. Liu®> confirmed this result. 

Two other workers at Leeds employed 6N-hydrochloric acid for 
the same hydrolysis and both obtained entirely different results from 
those described above. During the heating, there was a marked 
odour of a volatile sulphur compound and also the acid obtained on 
extraction with ether was a solid and identified conclusively as 
bis-2-carboxyethyl sulphide COOH-CH,-CH,-S-CH,:CH,-COOH. 
Oxidation to the sulphone confirmed this conclusion. The volatile 
sulphur compound was shown to be dimethyl sulphide by conversion 
to the mercurichloride 2(CH;),S-3HgCl, and to the sulphidimine 


+ = 

(CH3).S — N-SO,-C,H,-CH;. It was entirely free from methane- 
thiol as shown by its inertness to mercuric cyanide. 

Origin of the Dimethyl Sulphide 


It seemed possible that the dimethyl] sulphide might arise from the 
intermediate formation and subsequent decomposition of dimethyl 


20 


ABNORMAL HYDROLYSIS 
sae 
8-propiothetin chloride (CH3;),S(Cl)-CH,-CH,-COOH, possibly 


formed from the ester by isomeric change thus 
+ ads 
(1.) GH 3-S-CH,-CH,-COOCH,— (CH;).S-CH,-CH,-COO—> 


ae 
(CH;), S(Cl)-CH,-CH,-COOH > CH,:CH-COOH + 
(CH,).S + HCl 


Acrylic acid 


Such a reaction would be analogous to the interconversion of 
trimethylacetobetaine (‘betaine’) and methyl dimethylaminoacetate 
demonstrated by Willstatter®® 87. 


+ = 
(2.) (CH;),N-CH,-CO-O <, (CH) ,.N-CH,-COOCHsg. Betaine, 
however, is an a-derivative and although it seems possible from 
Willstatter’s publications that a similar relation might hold between 
trimethyl- 8-propiobetaine and methyl- 8-dimethylaminopropionate 
as 


(3.) (CH;),N-CH,-CH,-COO-» (CH) .N-CH,-CH,-COOCHs,, 
his evidence for this is not so clear. The f-betaine on heating gives 
mainly trimethylamine and acrylic acid CH,: CH-COOH. 

An interconversion of this type is however not involved in the 
formation of dimethyl sulphide during the abnormal hydrolysis. 
Under similar conditions the corresponding ethyl ester also gives 
dimethyl sulphide whereas methyl 2-ethylthiopropionate CH,-CH,- 
S:CH,-CH,-COOCH, gives diethyl sulphide. Bis-2-carboxyethyl 
sulphide is formed in each case. Methyl ethyl sulphide is not pro- 
duced in either case, and the reactions: 


CH,-CH,-S-CH,-CH,-COOCH,—> 


oe = \ 
SCH, cGHsCOO > S + CH, : CH-COOH 
ae ve 
CH, CH, 


do not occur. 


Probable Mechanism of the ‘Abnormal Hydrolysis’ 

It seems fairly certain that the ‘abnormal’ reaction is brought 
about by the low pH (6N-acid) although traces of dimethyl] sulphide 
and bis-2-carboxyethyl sulphide S(CH,-CH,-COOH), are formed 
even under Barger and Coyne’s conditions as shown by Holling- 
worth. Presumably a proton is co-ordinated by the unshared 
electrons of the sulphur atom of the methylthiopropionic acid to 
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+ . . 
form the complex ion CH,:S-CH,-CH,-COOH. This might then 
H 
be converted to the corresponding thetin by a process in which the 
positive charge on the sulphur might so attract the electrons of the 
CH,—group as to allow bimolecular nucleophilic attack by the 
sulphur atom of a second molecule of 2-methylthiopropionic acid 
giving a transition state (X) leading to the formation of the thetin 
and 2-thiopropionic acid: 


H.S.CH,-CH,-COOH HS-CH,-CH,-COOH 
CH, =. ne 


x + 
(X) 
Elimination of dimethyl sulphide from the thetin would leave the 


cation CH,CH,-COOH which by union with 2-thiopropionic acid, 
followed by deprotonation, could give bis-2-carboxyethyl sulphide: 


CH,-CH,-COOH + HS-CH,-CH,-COOH = 
ob 
H + S(CH,-CH,-COOH), 


An alternative and somewhat less concise representation of the last 
stage in the process involves the decomposition of the thetin to 
dimethyl] sulphide and acrylic acid as shown in (1) on p. 21 


‘ 
(CH,).S-CH,-CH,-COOH = (CH,),S + CH,: CH-COOH + Ht 


By addition of the 2-thiopropionic acid, produced by breakdown of 
the transition complex shown above, to the acrylic acid, bis-2- 
carboxyethyl sulphide would be formed and its production during 
the abnormal hydrolysis explained 


CH,:CH-COOH + H-S-CH,-CH,-COOH = 
S(CH,-CH,-COOH), 


It was found that in hot 6N-hydrochloric acid 2-thiopropionic acid 
reacts with methyl acrylate to form bis-2-carboxyethyl sulphide in 
good yield. A similar reaction with thioacetic acid H-S-CH,-COOH 
gives the unsymmetrical sulphido-acid COOH-CH,-S-CH,-CH,: 
COOH. These reactions are therefore possible under the conditions 
of the abnormal hydrolysis. Moreover, by heating a mixture of 
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dimethyl- 8-propiothetin chloride and 6N-hydrochloric acid with 
(a) 2-thiopropionic acid and (4) thioacetic acid the two sulphido- 
acids were readily obtained: 


+ 
(CH,), S- CH, -CH, «COO 


(CH, : CH-COOH +(CH;),S) 





S(CH,-CH,-COOH), «7 CH, COOH 
CH, -CH,-COOH 


When 2-methylthiopropionic acid, thioacetic acid and 6N-hydro- 
chloric acid were heated as before both the symmetrical and the 
unsymmetrical acids were obtained. None of these experiments, 
however, enables a final decision to be reached as to whether 
acrylic acid is an intermediate in the original abnormal hydrolysis. 


Stability of S-Alkylthioacetic Acids to 6N-Hydrochloric Acid 

These acids were recovered unchanged after boiling with the 
6N acid. This is probably due to the proximity of the electrophilic 
carboxyl group to the sulphur atom, whereby the unshared electrons 
of the sulphur atom are rendered unavailable and co-ordination of a 
proton hindered. In the corresponding S-alkylthiopropionic acid 
derivatives this effect is damped by the second intervening —CH,— 
group and protonization of the sulphur atom can occur. Since this 
co-ordination is the first step in the ‘abnormal hydrolysis’ the 
absence of such a phenomenon in the S-alkylthioacetic acids is 
explained. 


Decomposition of S-Methylthio-a-amino Acids with Hot Mineral Acid 
Methionine CH,-S-CH,-CH,-CH(NH,)-COOH—Butz and du 
Vigneaud®*® showed that methionine with boiling 18N-sulphuric 
acid gave homocysteine HS-CH,-CH,-CH(NH,)COOH and an 
odour resembling that of dimethyl disulphide. Repetition of the 
experiment and aspiration of volatile products through mercuric 
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cyanide and chloride showed the presence of methanethiol, dimethyl! 
sulphide and dimethyl disulphide (see p. 18). The monosulphide 


= + 

probably arose by decomposition of the thetin SO,[(CH,) .S-CH,: 
CH,-CH(NH,):COOH], produced by a reaction analogous to - 
that observed in the ‘abnormal hydrolyses’ discussed in this section. 

In a study of the formation of sulphonium salts derived from the 
S-alkyl derivatives of amino acids Lavine and Floyd**-™ have shown 
that this thetin sulphate is actually formed during the action of 
sulphuric acid on methionine. 

S-methylcysteine—With boiling 18N-sulphuric acid, the volatile 
products were the same as with methionine, but the yield of dimethyl 
sulphide was much greater, suggesting the greater instability of the 
thetin salt of S-methylcysteine as compared with that of methionine. 


THE WORK OF LAVINE AND HIS COLLEAGUES ON ALKYLMETHIONINE 
SULPHONIUM SALTS 


These authors have also studied the formation of homocystine by 
the action of sulphuric acid on methionine®® by Butz and du Vig- 
neaud’s method. Their procedure could probably be used in many 
of the numerous cases where phosphotungstic acid needs to be 
removed from combination with a base. The methionine methy]l- 
sulphonium phosphotungstate obtained by precipitation of the 
reaction mixture was dissolved in 90 per cent acetone and treated 
with tetraethylammonium bromide®®, The sparingly soluble 
tetraethylammonium phosphotungstate was separated and the 
filtrate concentrated in vacuo. Neutralization with ammonia, 
concentration, solution in methanol and precipitation with ethanol 
yielded pure methionine methylsulphonium bromide. It was also 
shown that dimethyl sulphate in excess of 18N-sulphuric acid readily 
converts methionine to its methylsulphonium salt. 


SCHGOBERL’S SYNTHESIS OF CARBOXYLIC DERIVATIVES OF 
ALIPHATIC SULPHONIUM COMPOUNDS 


Preliminary synthetic work—In 1947 Schéberl and Wagner®? found 
that thioacetic acid, HS-CH,-COOH, 2-thiopropionic acid and 
l-cysteine combine additively with acrylic acid in neutral or weakly 
acid solution giving, in the last named reaction, COOH-CH,.- 
CH,:S-CH,-CH(NH,)COOH.  Schéberl®8-®5 also carried out 
similar experiments in strongly acid aqueous solutions. In 2-N 
sulphuric acid containing a trace of hydroquinone, thioacetic acid 
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and acrylic acid gave 87 and 75 per cent yields of the sulphido-acid, 
COOH-CH,-S-CH,:-CH,-COOH in agreement with Hollingworth’s 
results. The residues from the reaction, however, gave fractions in 
which the presence of C-methyl groups was indicated by the Kuhn-— 
Roth analytical procedure. Consequently the formation of 1-5 per 
cent of the isomeric disulphido-acid COOH-CH,-S-CH(CH,)- 
COOH containing a branched chain appeared to have occurred. 
With 2-thiopropionic and acrylic acids the branched isomer 
COOH.-CH,:-CH,-S-CH(CH;)-GOOH was only produced in 
presence of alkaline catalysts (sodium hydroxide, trimethylamine or 
piperidine), to the extent of 0-5-1-5 per cent, as indicated by 
Kuhn-Roth analysis. 

The addition of thioacetic acid to methacrylic acid in neutral 
solution proceeded normally: 


HS.CH,-COOH + CH,:C(CH,)-COOH = 
COOH.CH,-S-CH,-CH(CH,):COOH 


The same was true for 1-thiopropionic acid CH,-CH(SH):COOH 
and acrylic acid. None of the product which should be formed by 


CH; 
addition of CH.-S— to the a-position in the double bond 


COOH 


was detected. 

The main reaction follows the course of the well-known addition 
of a polar molecule HM to af-unsaturated carbonyl compounds. 
A proton is added to the a-carbon atom of the unsaturated acid so 
producing a pcsitive carbonium ion which is then attacked by the 
anion M- of HM giving, in the case of acrylic acid, M-CH,-CH,- 
COOH. 

Schiberl’s new synthesis of sulphonium compounds—During these 
investigations, Schdberl found that when sulphido-acids of the type 
COOH-CH,-CHR-S-(CH,),-COOH (where n = 1, 2) react with 
the unsaturated acid in presence of very concentrated halogen acid 

+ 
(HX) sulphonium compounds of the type (COOH-CH,-CHR),:S: 
(CH,),COOH }X were obtained®®. ay 

Tri-2-carboxyethylsulphonium chloride, Cl[S-(CH,- CH,: 
COOH),], was prepared from 2-thiopropionic acid (4 g.) and acrylic 
acid (8 g.) in a mixture of hydrochloric acid (5-6 c.c.) and 2N-acetic 
acid (5-6c.c.). Oncooling in ice the sulphido-acid, bis-2-carboxyethy] 
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sulphide S(CH,:CH,-COOH), was quickly deposited m.p. 128 2G 
(see p. 22). It was not separated. If the mixture was left for 24 
hours the m.p. of the deposit rose to 155°C. The solid was separated 
and on treatment with cold alcohol some sulphido-acid m.p. 128°C 
was removed. The residue melted at 162°-163°C and was shown to 
be the tricarboxyethylsulphonium chloride. This was also obtained 
directly from bis-2-carboxyethy] sulphide and acrylic acid suspended 
in a small quantity of water by saturation with gaseous hydrogen 
chloride. The corresponding bromide was obtained by similar 
procedure. These salts are stable at room temperature but on 
thermal decomposition or on heating in aqueous solution one car- 
boxyethyl group —-CH,-CH,-COOH is eliminated, presumably as 
2-halogenopropionic acid: 


= 
S(CH,-CH,-COOH), + CH,:CH-COOH + HX —> X{S(CH,. 
CH,:COOH),— S(CH,-CH,-COOH), + X-CH,-CH,-COOH 
+ 


Carboxymethyl-di-2-carboxyethyl sulphonium halida—COQOH-CH,:S 
(CH,-CH,-COOH), }x and the corresponding Thetin, (presumably) 


+ & 
(GOOH-CH,-CH,).S-CH,-COO. The sulphonium chloride was 
prepared from acrylic acid and thioacetic acid HS-CH,-COOH bya 
similar process. When it was dissolved in hot water the thetin 
crystallized. The sulphonium salt was obtained on concentration of 
the mother liquors in vacuo. It undergoes considerable dissociation in 
water and the corresponding base is weaker than the tri-2-carboxy- 


—(t 
ethylsulphonium base HO} S(CH,-CH,-COOH), which yields no 


anhydride (thetin) under similar conditions. Since thetin formation 
depends on the replacement of a —CH,-CH,-COOH residue by 
—CH,-COOH, the latter group is presumably the one involved in 
thetin formation. The closer proximity to the sulphur atom of one 
of the three carboxyl groups presumably lowers the basic properties 
of the sulphonium ion. 

Further instances of thetin formation in Schéberl’s experiments—The 
thetin 


COOH-CH,.CH,-S:CH,-COOH 


containing two —CH,:COO groups linked to sulphur is obtained at 
once when acrylic acid, hydrogen chloride and 1 : 1’-dicarboxy- 
dimethyl sulphide interact. Formation in acid solution of a thetin 
rather than its salt appears to be a new observation. 
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Neither sulphonium salt XX} S(CH,-COOH); nor thetin 
~ = 
(COOH-CH,),S-CH,-COO is obtained from the | : 1’-dicarboxy- 


dimethyl sulphide and bromoacetic acid. This thetin can however 
be prepared from the salts of the two acids in neutral solution 


(COONa-CH,).S + BrCH,-COONa = 
- = 


and, in agreement with the considerations already discussed, does 
not form a sulphonium salt with acids. 

Sulphonium salts (XI) to (XIII) are also formed from S-ethylthio- 
acetic acid CH,-CH,:S-CH,-COOH, hydrogen halide and acrylic, 
crotonic CH,;-CH : CH-COOH and methacrylic CH, : C(CH,)- 
COOH acids and others from S-isopropylthioacetic acid and acrylic 
and crotonic acids. Diethyl and di-isopropyl sulphides behave in a 
similar manner giving e.g. (XIV). The di-sopropylsulphonium 
salt was characterized as the picrate. The di- and tricarboxy- 
sulphonium compounds are not precipitated by picric acid. Many 
of them, however, form insoluble reineckates (XV). 


Ry 
Na] _ (SON), 
R,—S| Gr (XV) 
a (NH3) 2 
eed 
fe 
CH,-CH,-S-:CH,-COOH CH,-CH,-S-CH,-COOH 
CH,-CH,-COOH CH,-CH-CH,-COOH 
(XI) (XII) 
+ + 
CH,-CH,-S-CH,-COOH CH,-CH,-S-CH,-CH, 
CH,-CH(CH,):-COOH CH,-CH,-COOH 
(XIII) (XIV) 


Schéberl’s views on the mechanism of his sulphonium synthesis—Schoberl 
considers it improbable that the reaction proceeds by simple addition 
to the sulphide or sulphido-acid R,S of a halogeno-fatty acid result- 
ing from the action of HX on the unsaturated acid—acrylic, crotonic 
or methacrylic. The conditions were often such as to make addition 
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of halogen acid to the double bond most improbable. The yield of 
sulphonium salt obtained when 2-bromopropionic acid and bis-2- 
carboxyethyl sulphide S(CH,-CH,-GCOOH), were warmed in 
aqueous solution at 55°C for 22 hours was very small. N evertheless, 
Schéberl does not describe the behaviour of the sulphido-acid or 
sulphide with the halogeno-fatty acid under the strongly acid 
conditions which he employed. He suggests that the mechanism of 
the reaction is similar to that accepted for addition of a thiol to an 
unsaturated acid. A proton from the halogen acid is co-ordinated 
by the a-carbon atom of the unsaturated acid. The resulting positive 
ion is co-ordinated by the unshared electrons of the sulphur atom of 
the sulphide or sulphido-acid, thus producing a sulphonium ion: 


CH, : CH-COOH + H+ = —CH,-CH,-COOH 
R-S-CH,-CH,-COOH + —CH,-CH,-COOH 
+ 


Schéberl cites the analogous work of Barnett, Cook and Peck®? who 
found that with styrene, pyridine and bromine, styrene dibromide 
C,H;-CHBr-CH,Br was formed as well as a quaternary pyridinium 
salt, but that styrene dibromide and pyridine did not react during 
24 hours, in agreement with the modern ionic mechanism involving 


formation of the ion C,H,-CH-CH,Br. 

Schoberl’s work clearly bears much similarity to that of the author 
and Hollingworth. Their experiments at Leeds whether (a) ab- 
normal hydrolysis of S-alkyl-2-thiopropionic esters or (b) addition of 
a thio-acid to an unsaturated acid or (¢) reaction of dimethy]l- f- 
propiothetin chloride with a thio-aliphatic acid (see pp. 20-23) were 
carried out in boiling 6N-hydrochloric acid. Schdberl synthesized 
his carboxysulphonium compounds by two methods: | 

(1) interaction of hydrogen halide, an unsaturated acid and the 
sulphide or sulphido-acid in 2N-acid, with or without an organic 
solvent or (2) saturation of an aqueous mixture of the sulphide or 
sulphido-acid and the olefinic acid with gaseous hydrogen halide. 
Formation of one or more carboxysulphonium compounds of the 
type described by Schéberl might therefore be expected in Holling- 
worth’s experiments (a), (b) and (c). 

Trimethylsulphonium chloride, dimethyl sulphide and S-methyl- 
thioacetic acid were detected by Hollingworth when dimethyl- 
acetothetin chloride was boiled with 6N-hydrochloric acid. The 


more soluble reaction products of his other experiments should 
therefore be investigated. 
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NATURAL SULPHONIUM COMPOUNDS, 
SULPHIDES, SULPHOXIDES, MERCAPTANS 
AND SULPHIDO-AMINO ACIDS 


THE DIMETHYL SULPHIDE EVOLVED FROM THE 
MARINE ALGA POLYSIPHONIA FASTIGIATA 


Historical introduction 

Tue work now to be discussed owes much to the fundamental and 
long-continued researches of Haas on the ingredients of certain 
marine algae. In 1921 he established the occurrence of ‘ethereal 
sulphates’ in carrageen (Chondrus crispus)!?. He showed that these 
consisted of potassium and calcium salts of the acid sulphuric esters 
of polysaccharides. Compounds of this type were already known to 
occur in animals, e.g. in cartilage, but had not previously been 
detected in plants. In 1931 Haas isolated an octapeptide of glutamic 
acid’ from the red alga Polysiphonia fastigiata and studied with Bird* 
the constituents of the cell-wall of Laminaria. He had always been 
particularly interested in the red algae and in 1923 with Miss Russell- 
Wells® had shown that Polysiphonia fastigiata also contains a poly- 
saccharide sulphate. 


Identification of Dimethyl Sulphide 


In 1935 Haas investigated the nature of the odorous product which 
is evolved by this seaweed when exposed to air. He found that on 
aspirating air over the weed through (a) bromine in carbon tetra- 
chloride, (6) mercuric chloride and (c) potassium chloroplatinite 
K,PtCl,, the dibromide (CH;),SBr,, the mercurichloride 
2(CH3;).S-3HgCl, and the platinochloride 2(CH3;).S-PtCl, which 
resulted, were identical with those of dimethyl sulphide*®. Polysi- 
phonia nigrescens also evolved this sulphide. 

The author and Blackburn found? that in cultures of the mould 
S. brevicaulis carefully purified dimethyl disulphide gave rise to 
methanethiol, CH,SH and dimethyl sulphide, in agreement with 
the reducing and methylating action exerted by this organism on 
other dialkyl disulphides (see Chapter 5). 

In 1942 Birkinshaw, Findlay and Webb reported that the wood- 
destroying fungus Schizophyllum commune when grown on a glucose 
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medium containing inorganic salts and a trace of ‘Marmite’ converts 
ammonium sulphate to methanethiol. The author and Charlton? 
then showed that dimethyl sulphide and traces of dimethy] disulphide 
were also present. 

On account of the frequency with which biological methylation 
is encountered, it seemed possible that the dimethyl sulphide evolved 
by the alga in Haas’ experiments might arise by methylation of the 
polysaccharide sulphates of the weed. This would involve hydrolysis, 
reduction and further methylation. Such a process would resemble 
the metabolism of S$. commune. 

It appeared unlikely that the dimethyl sulphide was stored as such 
in the alga, and the possibility of its occurrence as a sulphonium 
compound suggested itself. It was therefore decided to attempt the 
identification of the precursor from which it appeared probable (see 
below) that the sulphide was eliminated by enzyme action. 


Conditions under which Dimethyl Sulphide is formed 


In some preliminary experiments in which the alga was placed 
in artificial sea-water containing sodium ethyl sulphate C,H;-O.- 
SO,-ONa, no methyl ethyl sulphide but only dimethyl sulphide was 
evolved. This provided no support for the suggestion outlined above. 

When the volatile products from the alga, removed from its host 
Ascophyllum nodosum and placed in tap or distilled water, were aspirated 
through (a) mercuric cyanide and (b) mercuric chloride, no precipi- 
tate was formed in (a), indicating the absence of methanethiol. The 
deposit in (b) consisted solely of the mercurichloride of dimethyl 
sulphide; mercurated fission products of dimethyl disulphide were 
absent. The sulphur compound was, therefore, homogeneous. 
Addition of cold sodium hydroxide to the alga accelerated the 
elimination of dimethyl sulphide. 

The question arises whether the sulphide evolution is an essential 
life-process of the alga or whether it is a sign of death or damage. The 
well-known occurrence of trimethylamine, in the living flowers of 
many trees and plants may be cited. Cromwell!® showed that in the 
case of Chenopodium vulvaria the amine arises by enzyme action from 
choline and not from betaine. 

An enzyme is clearly concerned with the algal process also. 
Grinding the weed with sand or immersing it in distilled water 
facilitated the evolution". Weed immersed in boiling water and 
allowed to cool evolved no dimethy] sulphide in an air stream, but 
long boiling with water or addition of sodium hydroxide (purely 
chemical hydrolysis) caused a fresh evolution. When the alga was 
left in alcohol for a few hours, and then suspended in water, air 
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removed no dimethyl sulphide, but addition of alkali caused a ready 
evolution. Dimethyl sulphide formation still occurred when the 
weed was placed in water containing toluene and well shaken, so that 
it is unlikely that bacterial action was involved. The enzymic nature 
of the process has now been confirmed by Cantoni!*:!% (see below). 


IDENTIFICATION OF THE PRECURSOR OF THE DIMETHYL SULPHIDE, 
AS DIMETHYL- fB-PROPIOTHETIN 


A concentrated alcoholic extract of the alga gave a precipitate with 
ammonium reineckate NH,[Cr(NH3).(SCN),]. After successive 
conversion to the sulphate, chloride, platinichloride and chloride, a 
picrate was obtained. Decomposition with hydrochloric acid gave a 
pure chloride C;H,,O,CIS. This was optically inactive and evolved 
dimethyl sulphide with cold sodium hydroxide. Its acidity and 
non-reactivity with 2: 4-dinitrophenylhydrazine excluded such 


constitutions as ci-{ *S(CH;) ..>CH,-CO-CH,OH or crf *S(CH3)<- 
CH(OH)-CH,-CHO. It appeared probable that the chloride was 
either an a- or a f-thetin derivative (I) or (II). 


Cl-{ *S(CH,) »-CH(CH,)CO,H Cl-{ *S(CH,) » CH,-CH,-CO,H 
(I) (II) 

The authentic bromides were converted to the chlorides, picrates, 
styphnates, and platinichlorides. Mixed m.p. determinations carried 
out.with these compounds and with corresponding derivatives from 
P. fastigiata showed that the algal product is the chloride of 


the B-propiothetin derivative, dimethyl-2-carboxyethylsulphonium 
chloride" (IT). 


POSSIBLE BIOCHEMICAL SIGNIFICANCE OF THE THETIN 


Cantoni and Anderson” have recently confirmed the conclusions of 
Challenger and Simpson" and have shown that P. fastigiata contains 
an enzyme which, although so far only obtained in a crude condition, 
is extremely active in effecting the decomposition of dimethyl-f- 
propiothetin to dimethyl sulphide, acrylic acid and H+ (see p. 21) 


P | 
(CH;),S-CH,-CH,-CO-OH = (CH,),S + CH,:CH:GOOH + Ht 


Cantoni'® remarks that this suggests that some important biological 
function may be performed by the thetin and the enzyme but he 
does not discuss the problem further. Challenger! has suggested 
that the fission might bear some analogy with the thiaminase 
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reaction which has been studied by Woolley’. In that case the 


a 
fission would liberate the cation CH,-CH,-COOH which with 
ammonia or trimethylamine (both presumably available in the 
alga) could give f-alanine NH,-CH,-CH,-COOH or its betaine 
a 


(CH,),N-CH,-CH,-COOH and in the first case, H?*. 


+ 
(CH,),S-CH,-CH,-COOH + NH,—> 
(CH;).S + H,N-CH,-CH,-COOH + H* 


a 
(CH;)S-CH,-CH,-COOH + (CH,),N—> 
a 
(CH,).S + (CH,),N-CH,-CH,-COOH 


The betaine might also arise by methylation of f-alanine by an 
algal transmethylase. The presence of small quantities of B-alanine, 
both free and combined probably as Co-enzyme A (see Chapter 6), 
has recently been demonstrated by paper chromatography in each 
of a larger number of marine algae which were examined by 
Ericson and Carlson!*®. It is noteworthy that the highest amount of 
f-alanine, 68 wg. per gram was found in Polysiphonia fastigiata and 
30 wg. per gram in Ulva lactuca. In eleven other varieties the figures 
ranged from 12 to 54. It will be recalled that it was from P. fastigiata 
that dimethyl- f-propiothetin was isolated" (see p. 34). Cantoni?’ 
gives its concentration in the alga as 0-3 to 0-4 molar. Ulva lactuca 
almost certainly contains a dimethylsulphonium compound (prob- 
ably the same thetin) as it evolves much dimethyl sulphide with cold 
alkalit® (see p. 33), 

These results need further amplification before the author’s 
suggestion of a biological relation between the thetin, f-alanine or 
its betaine and ammonia or trimethylamine can be regarded as 
significant. f-alanine betaine has not yet been detected in marine 
algae. It should also be emphasized that the amount of thetin in 
P. fastigiata and probably in Ulva lactuca is much greater than that of 
f-alanine, free or combined. Ericson and Carlson!® state—‘the 
§-alanine occurring in bound form is, however, so high that it is 
improbable that all of it should exist in the form of pantothenic acid. 
8-alanine must therefore play some other role in the metabolism of 
marine algae . . . the concentration . . . is so high that it could well 
constitute part of a protein molecule. Further studies are required.’ 


THETIN SALTS AND MOULD CULTURES 
As early as 1946 it was almost certain that the breakdown of the 
dimethyl-8-propiothetin salt in Polysiphonia fastigiata is due to 
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enzyme action. It therefore became of interest to study the behaviour 
of thetin salts with different organisms!® and S. brevicaulis and 
Penicillium notatum were chosen. The seaweed thetin chloride and 
bromide were almost unchanged in bread cultures of the first 
mould, only a 1-2 per cent yield of dimethy] sulphide being obtained. 
With P. notatum and the bromide, however, the yield was 36 per 
cent. The isomeric dimethyl-a-propiothetin bromide and chloride 


(CHs) ,S(X)CH(CH,)-COOH gave no dimethyl sulphide in 
cultures of S. brevicaulis and P. notatum respectively. Dimethyl- 
acetothetin bromide was also inert to both moulds. The sulphides 
were characterized and weighed as the mercurichloride. It was 
conclusively shown that, where a sulphide was evolved, this was not 
due to the culture becoming alkaline by formation of ammonia, 
with consequent liberation of the sulphide. 


DIMETHYL- f-PROPIOTHETIN IN OTHER MARINE ALGAE 


When Challenger and Simpson’s work was published, no other 
instance of the occurrence of a sulphonium compound in plants had 
been recorded apart from that of sulphoxides (see p. 39). On account 
of their basic properties they may be regarded as ‘potential’ sulpho- 


nium compounds e.g., (GH 3),5O + HX —> x-{ *S(OH)-(CH,) ae 
In recent years the biological importance of sulphonium compounds 
has received much attention and their occurrence established both 
in plants (see below) and in animals?®,1 (see p. 43). 

In 1953 Bywood**, working in the author’s laboratory isolated 
derivatives of dimethyl-8-propiothetin from alcoholic extracts of 
two green marine algae, Enteromorpha intestinalis and Spongomorpha 
arcta. In the first case the method of isolation was very similar to 
that employed for P. fastigiata, the reineckate being first obtained 
and then converted successively to the platinichloride, R,Pt Cl,, the 
picrate and the styphnate. From Sp. arcta a platinichloride was 
isolated which evolved dimethyl sulphide with cold alkali and had 
the m.p. of the platinichloride of dimethyl- -propiothetin. Nicolai 
and Preston®’ carried out an X-ray examination of Sp. arcta and Sp. 
lanosa and of evaporated aqueous extracts; the diagrams obtained 
were similar to that of dimethyl- 8-propiothetin bromide. 


UNIDENTIFIED DIMETHYLSULPHONIUM COMPOUNDS IN OTHER PLANTS 


Bywood”4 also examined a number of other marine algae, of which 
Ulva lactuca and Enteromorpha compressa readily evolved dimethyl 
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sulphide with cold sodium hydroxide as did also two freshwater 
algae Oedogorium sp. and Ulothnix sp. Other marine algae, such as 
Pelvetia caniculata, Halidrys siliquosa, Cladophora rupestris and Ceramium 
rubrum only evolved the sulphide with boiling alkali. This was also 
the case with the freshwater alga Microspora amoena. The dimethyl 
sulphide was collected as the mercurichloride. Spongomorpha arcta 
evolved more dimethyl] sulphide with hot alkali, after evolution with 
the cold reagent had ceased. This may possibly indicate that a 
portion of the sulphonium compound is more firmly linked than the 
rest, a suggestion which receives some support from the work of 
Nicolai and Preston®’. No dimethyl] sulphide was evolved when the 
dried mycelium of S. brevicaulis, grown on a glucose-inorganic salts 
medium, or P. notatum obtained from a penicillin factory were boiled 
with alkali. 

In 1949 Karrer and his colleagues”® detected dimethyl sulphone in 
various species of Eguisetum (horse tails) e.g. in E. palustre, E. arvense, 
E. hiemale and probably E. telmateia. This observation suggested to 
the author the possible presence of a sulphonium compound in the 
Equisetae and on boiling some species with alkali, dimethyl sulphide 
was evolved and characterized as the mercurichloride”*. It was 
shown to be extremely unlikely that the sulphide could have been 
formed by reduction of dimethyl sulphone by the alkali and organic 
matter of the plant. 

The fresh green fronds and leaves of the common bracken 
(Pteridium aquilinum) evolved dimethy] sulphide with alkali?®, which 
was characterized as the sulphidimine (see p. 44) and as two other 
derivatives. It is probable that the precursor of the dimethyl 
sulphide in these cryptogams is a sulphonium compound but it has 
not yet been identified in either case. 

Smythe suggested that, in animals, the sulphone may be formed 
by methylation and oxidation of hydrogen sulphide which is 
produced from cystine in presence of liver slices’. Oxidation of 
methionine to methylsulphonoacetic acid, followed by decarboxyla- 
tion: CH,-SO,-CH,-COOH = CH,-SO,-CH; + CO, is also a 
possibility. This decomposition readily occurs in presence of hot 
alkali. It would seem, however, that the most probable explanation 
is the fission of a dimethylsulphonium compound giving dimethyl 
sulphide followed by oxidation. 


OCCURRENCE OF S-METHYL-L-CYSTEINE SULPHOXIDE IN CABBAGE 


An interesting corollary to the work just described is the isolation 
by Synge and Wood?* of the sulphoxide of (+-)-S-methyl-L- 
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cysteine CH,-S-CH,-CH-NH,-COOH from a diffusate?® from 
| 
row 
cabbage. It was obtained by adsorption on a column of the ion- 
exchange resin Zeo-Karb 215 (H* form) and later displaced, along 
with aspartic and glutamic acids and some other amino acids by 
ammonia. It was separated from these by partition chromatography 
on kieselguhr. Crystallization from ethanol gave a product of m.p. 


167°-168°C. (decomp.) and [«] = + 118° in water. Its be- 


haviour on paper chromatography was identical with that of a 
synthetic mixture of the diastereoisomers of S-methyl-L-cysteine 
sulphoxide obtained by oxidation of the amino acid with aqueous 
hydrogen peroxide. Such mixtures have been prepared from S- 
methylcysteine by two groups of workers, but no attempt was made 
to separate the diastereoisomers arising from the production of a new 
asymmetric centre, the sulphoxide group. Separation of such optical 
isomers does not need the use of a third optically active centre (see 
p. 41 and Chapter 3) and Lavine®® separated the isomeric sulph- 
oxides of L-methionine by crystallization of their picrates. Stoll and 
Seebeck*! separated the diastereoisomers of S-allylcysteine- and 
S-propylcysteine sulphoxides by direct crystallization. 

Separation of the synthetic diastereoisomers of S-methyi-L-cysteine 
sulphoxide—In order to complete the identification of the sulphoxide 
from cabbage, Synge and Wood attempted the separation of the 
synthetic diastereoisomers of S-methyl-L-cysteine sulphoxide by 
fractional crystallization of their picrates but though fractions of 
different optical rotations were obtained the method was unpromis- 
ing as also was paper chromatography using collidine-water. Synge 
and Wood then tried to resolve the mixture by chromatography on a 
cation-exchange resin in view of the successful separation of the 
sulphoxides of methionine by this method reported by Moore and 
Stein**. Three zones were obtained on the column of which the first 
two were imperfectly resolved, but a third yielded after elution and 
purification on a column of Zeo-Karb 215 and elution withammonia, 
a solid. ‘This was identical in m.p. and mixed m.p. and in specific 
rotation with the natural dextrorotatory sulphoxide obtained by 
Synge and Wood from cabbage, which is therefore (-+-)-S-methyl-L- 
cysteine sulphoxide. The synthetic and natural products were also 
shown to be crystallographically identical. Moreover, the natural 
strongly dextrorotatory sulphoxide on reduction with aqueous 
sodium metabisulphite in a polarimeter tube at room temperature 
acquired during 3 weeks a slight laevo rotation. S-methyl-cysteine 
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was obtained from the solution and identified by paper chromato- 
graphy, analysis and specific rotation. 

Hydrochloric acid decomposed both the natural and the synthetic 
sulphoxides giving S-methylcysteine. Oxidation of the new com- 
pound and of S-methylcysteine with hydrogen peroxide and molyb- 
date gave solutions which behaved similarly on paper chromato- 
graphy, presumably due to formation of the sulphone. 

S-methyl-L-cysteine sulphoxide from the turnip—Morris and Thomp- 
son*#,*4 obtained, by the use of ion-exchange resins, a compound 
C,H,O,NS from the leaves and roots of turnips. It gave a brownish- 
blue ninhydrin reaction and was adsorbed on a mixture of copper 
carbonate and alumina. It behaved as a neutral compound on 
ion-exchange resins and appeared to be an amino acid. Hydro- 
chloric acid eliminated ammonia but no amide group was present, 
as amides do not give the ninhydrin reaction. No hydrogen was 
taken up in presence of palladium, but potassium permanganate 
was reduced. No aldehyde, disulphide or sulphydryl groups were 
present. Treatment with hydriodic acid suggested that it was a 
sulphoxide and on paper chromatography it was found to be 
indistinguishable from S-methyl-L-cysteine sulphoxide in 3 different 
solvents. The product obtained with hydriodic acid was identical 
with S-methyl-L-cysteine in specific rotation and infra-red spectrum. 
The new compound was clearly the S-methyl-L-cysteine sulphoxide 


of Synge and Wood and had m.p. 169°-170°C and [2] it etn, 


Natural occurrence of compounds related to S-methyl-L-cysteine sulphoxide— 
Synge and Wood consider that the new sulphoxide accounts for a 
considerable proportion of the organic sulphur of cabbage. When 
the results were announced they afforded the first instance of the 
occurrence of a derivative of S-methylcysteine in nature, nor had the 
amino acid itself then been recognized as a natural product. This 
had always seemed rather surprising in view of the wide occurrence 
of cysteine and cystine and of the closely related homologue methio- 
nine. S-methylcysteine has now been isolated from the common 
bean, Phaseolus vulgare. 

A closely related compound, alliin*! which is S-allylcysteine 


. . 
sulphoxide CH, : CH-CH,-S-CH,-CH(NH,)CGCOOH occurs in 


O 
garlic (see p. 54) and the isomeric (+) and (—) sulphoxides of 
biotin have been identified in milk*®*.36 and in the culture media of 
Aspergillus niger respectively*’~**. Both isomers are formed by 
oxidation of biotin with hydrogen peroxide. Westall*® (see p. 62) has 
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isolated a new amino acid, felinine, from cats’ urine. This is 
S-3-hydroxyisoamyl-L-cysteine HO-CH,-CH,°C(CHs) a) ‘CH,: CH: 
(NH,)-COOH and it has been synthesized by Trippett™. It will be 
interesting to see whether the corresponding sulphoxide or sulphone 
will be recognized later as natural products. 

Synge and Wood refer to the frequent occurrence of methyl 
mercaptan in plants or to its evolution during cooking processes, 
and suggest that it may sometimes arise by decomposition of 
S-methylcysteine sulphoxide. The breakdown of sulphoxides 


R.CH,-S-CH,-R’ to give R-CHO and R’-CH,-SH has been studied 
| 
O 
by several workers cited by Challenger and Rawlings®, but the reac- 
tion merits further examination by the use of simple symmetrical 
and unsymmetrical sulphoxides. The natural sulphoxides and 
sulphones which are related to the isothiocyanates (mustard oils) are 
considered in Chapter 4. 


THE OPTICAL ISOMERS OF METHIONINE SULPHOXIDE 


Reference may here be made to some work on the optical isomers of 
methionine sulphoxide (y-methylsulphinyl-a-aminobutyric acid). 
Toennies and Kolb* prepared the inactive sulphoxide by the 
oxidation of DL-methionine with hydrogen peroxide and showed 
that fractional crystallization of the picrate gave two picrates both 
of which were optically inactive and were converted to the sulph- 
oxides. One fraction was an equimolecular mixture of L-methionine 
-(—)-sulphoxide and D-methionine-(+-)-sulphoxide and the other 
a similar mixture of L-methionine--+ --sulphoxide and D-methionine- 
(—)-sulphoxide. 

Lavine*®® then oxidized L-methionine with iodine, iodine and 
mercuric chloride, to date (which is equivalent to hypoiodous acid) 
and also with hydrogen peroxide. Reduction values and oxygen 
absorption and finally isolation of the products and their analysis 
showed that the sulphoxide was formed in each case. It was found 
that varying amounts of the two diastereoisomeric sulphoxides were 
formed according to the method employed. Lavine considers that 
the different methods of oxidation which produced the second 
centre of asymmetry, the sulphoxide group, effected asymmetric 
synthesis (under the influence of the optically active carbon atom) in 
varying degree, presumably as a result of varying rates of reaction. 
With hydrogen peroxide the two diastereoisomers were produced 
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in almost equal amount. These isomers, L-methionine-(+-)- 
sulphoxide and L-methionine-(—)-sulphoxide were separated by 
means of the picrates. Picric acid was removed with amylamine. 
As before, the presence of the asymmetric carbon atom obviates 
the necessity of using an optically active acid for the separation. 
Lavine studied the factors influencing the rotatory power of the two 
asymmetric centres and the contribution of each to the observed 
rotations. Elimination of the asymmetry of the carbon atom by 
oxidation with chloramine-T (see Chapter 1) was complete in a few 
minutes and gave products that possessed, when freshly prepared, 
the rotation expected for the sulphoxide group. An aldehyde- 
sulphoxide was probably produced in this reaction, as indicated by 
the formation of a 2 : 4-dinitrophenylhydrazone. The sulphoxide 
group was not oxidized by the chloramine except after several 
days. 


THE TOXIC SUBSTANCE IN AGENIZED FLOUR: METHIONINE SULPHOXIMINE 


About 1950 much attention was devoted to the toxic action (result- 
ing in hysteria and convulsions) which is exerted upon dogs and 
certain other animals by flour which has been treated with traces of 
nitrogen trichloride vapour in order to improve its baking properties. 
The original observation was made by Sir Edward Mellanby*? and 
further work was carried out by him, by Moran* and by Reiner and 
their colleagues**:4® who all arrived at similar results. The toxic 
factor arises from the action of the nitrogen trichloride (‘agene’) on 
the protein gluten contained in the wheaten flour. Other proteins, 
e.g. zein, ‘casein’, egg albumen, haemoglobin and rice protein also 
become toxic under this treatment, but keratin and arachin do not. 
The conclusion was finally reached that the proteins which become 
toxic have a relatively high methionine content while the others 
contain little or none of this amino acid. Moreover, when casein and 
zein are partially oxidized by hydrogen peroxide, whereby the 
methionine residues are affected, the resulting product does not 
become toxic on treatment with nitrogen trichloride. On the other 
hand free methionine or the products of hydrolysis of zein and casein 
yield no toxic product with ‘agene’, the products in the case of 
methionine being the sulphoxide or the sulphone. 

It appeared, therefore, that isolation of the toxic substance would 
be achieved by the use of unhydrolysed protein rather than indivi- 
dual amino acids. Zein, gluten and egg albumen were therefore 
treated with nitrogen trichloride vapour (‘agenized’) and the 
resulting product hydrolysed either by the enzyme pancreatin or by 
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chemical means. A long series of operations, including dialysis, 
extraction with phenol, hydrolysis, extraction of by-products with 
butanol, precipitation with acetone, electro-dialysis, ion-exchange 
fractionation, partition chromatography and crystallization from 
alcohol finally yielded a crystalline product C;H,,O,;N,S. With 
Raney nickel a-amino-n-butyric acid and nickel sulphide were 
formed. Determination of —NH, nitrogen by the van Slyke method 
showed the presence of only one amino-group. The formula 


NH 
| 
CH,*S*.CH,-CH,-CH(NH,)-COOH 


O 


was therefore suggested for the new compound. This type of 


ye a 
structure which resembles those of the sulphoxides S—O and 
A 
= R 
R O 
thaw 
the sulphones S was not previously known. The compound 
aes 
R O 


was named methionine sulphoximine and was synthesized from 
methionine sulphoxide and sodium azide in sulphuric acid—chloro- 


a Poe 
form solution: +CH,-S(O)-CH,-CH,-CH(NH,)-COOH + HN, 
NH 


| 
= CH,*S*.CH,-CH,-CH(NH,)-COOH + N,. 
O 


‘The product was identical in melting point, crystal form, chemical 
reactions, behaviour on a paper chromatogram and physiological 
action with the compound from ‘agenized’ protein. The simplest 


O 


. . + 
sulphoximine (CH,).S has been prepared in a similar manner 
+ 


NH 
from dimethyl sulphoxide. Several homologues have been syn- 
thesized, e.g. the di-n-amy], diphenyl and p-tolyl methyl compounds, 
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and also the sulphoximine of S-methylcysteine, CH,._S-CH,. 


CH(NH,)-COOH. NH 


THE SULPHONIUM COMPOUNDS OF DOGS’ URINE AND THEIR 
DECOMPOSITION PRODUCTS 


Abel*? stated that on warming the urine of dogs with caustic soda 
diethy! sulphide was evolved, but no proof of identity was given. In 
particular the m.p. of the mercurichloride of the sulphide was 
145°C and in a second experiment 150°C. Diethyl sulphide mer- 
curichloride has m.p. 119°C. Nevertheless, later workers accepted 
Abel’s statement and Neuberg and Grosser*8 claimed to have isolated 
the precursor of the diethyl sulphide as the phosphotungstate and 
iodobismuthate and to have identified it as diethylmethylsulphonium 
hydroxide. They stated that formation of this base is increased on 
administration of diethyl sulphide to dogs; the sulphide being methy- 
lated by the organism. No experimental details whatever were 
supplied by these authors and no further communication has 
appeared. 

It has been shown, however, that the alkaline decomposition of 
diethylmethylsulphonium iodide gives mainly methyl] ethyl sulphide 
which was characterized as the mercurichloride. The work of 
Ingold and Kuriyan*® also suggests that ethyl methyl sulphide is the 
main product of this decomposition. 

As these observations on dogs’ urine had a bearing on other work 
in progress at Leeds a further study of the subject was begun by Dr 
Margaret Whitaker (Simpson) and continued by Dr D. Leaver?! 
and several litres of dogs’ urine were decomposed with alkali and the 
volatile sulphur compounds absorbed in (a) mercuric cyanide and 
(b) mercuric chloride. Very little mercaptan was detected in 
(a) but the sulphide mercurichloride in (b) was converted to the 
mercuribromide and to the benzylsulphonium picrate and styphnate 


X-/R.S-R'(CH,C,H,). Their m.p.s differed from those of the 
corresponding diethyl sulphide derivatives, approximating to those 
of the analogous derivatives of methyl-n-propyl sulphide, but were 
unsharp. Me os 

The sulphidimine R-R’.S—N-SO,-C,H,:-CH;, however, was 
finally purified and its m.p. and mixed m.p. showed it to be identical 
with methyl-n-propyl sulphidimine. The presence of a small 
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quantity of another sulphide in the natural sulphide was confirmed 
by two separate methods. 

1. The crude sulphide from dogs’ urine was converted to the 
methylsulphonium base. Paper chromatography of this presumed 
mixture of bases and comparison of the pattern with those given 
by known mixtures suggested the presence of dimethyl-n-propyl- 
sulphonium hydroxide and a much smaller quantity of dimethyl-n- 
butylsulphonium hydroxide. 

2. The crude sulphidimine was chromatographed on paper and 
sprayed with a mixture of aqueous potassium iodide and hydro- 
chloric acid which hydrolyses the sulphidimine to sulphoxide, 
RR’SO. This then liberates iodine. Undeveloped bands corre- 
sponding to the spots were separately boiled with sodium hydrogen 
sulphite, and the sulphides thus liberated by reduction of the 
sulphidimines were converted to mercurichlorides. That from the 
main band was shown by m.p. and mixed m.p. to be methyl-n- 
propyl sulphide mercurichloride. That from the smaller band was 
indistinguishable in m.p. from the mercurichloride of methyl-n-buty] 
sulphide. 

The sulphide of dogs’ urine is therefore mainly methyl-n-propyl 
sulphide with most probably some methyl-n-butyl sulphide. In 
spite of a prolonged investigation involving the use of ion-exchange 
resins, the sulphonium compounds in the urine which are the pre- 
cursors of these two sulphides were not identified. 


THE SULPHUR COMPOUNDS OF ASPARAGUS 


The researches on the occurrence of sulphonium compounds in 
plants afford a link with an old, and still unsolved problem in 
bio-chemistry. Nencki®® stated in 1891 that the strong odour which 
is readily detectable in the urine after ingestion of asparagus is due 
to methanethiol, of which he analysed the lead salt. Many years 
later Allison confirmed this by isolation of the silver salt®!. The next 
serious investigation of the sulphur compounds of asparagus was 
made by Jansen*® who, in 1948, isolated 2 : 2’-dithioisobutyric acid 
HS-CH,-CH(CO,H)-CH,-SH as the corresponding disulphide. He 
found, however, that this acid on ingestion by two individuals did 
not cause excretion of methanethiol, but the scale of the experiment 
was too small (see p. 47). 

Two possible modes of formation of the methanethiol need to be 
envisaged. It is possible that the asparagus contains a methylated 
compound of sulphur from which the —SCH, group is eliminated 
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as methanethiol, possibly enzymically, during passage through the 
body. This compound could hardly be methionine as other food- 
stuffs rich in this amino acid do not yield methanethiol in the urine. 
On the other hand the methyl group might be supplied by the 
human body and attached to the sulphur of a thiol or disulphide 
group to give an —SCH, derivative which might then undergo 
fission to yield methanethiol. 


JANSEN’S IDENTIFICATION OF 2 : 2’-DITHIOisOBUTYRIC ACID 
IN THE FORM OF ITS DISULPHIDE IN ASPARAGUS 


Isolation of the disulphide—Preliminary experiments showed that a 
press-juice obtained from asparagus contained both a thiol and a 
disulphide. On exposure to air only a disulphide was recognizable. 
Extraction with n-butanol removed a sulphur compound which was 
acidic and could be extracted from the butanol with sodium bicar- 
bonate. Nine gallons (40 kilograms) of a commercial ‘extract’ of 
asparagus containing 62-5 per cent of solids were diluted with an 
equal volume of water and shaken (pH 4:5) with seven gallons of 
butanol for 20 minutes. After centrifugation the disulphide was ex- 
tracted from the butanol with three gallons of dilute sodium bicar- 
bonate from which, after acidification, the disulphide was again 
removed by butanol (4 gallons). Concentration in vacuo at 35°C to 
270 c.c. followed by extraction with 1,300 c.c. of benzene, removal of 
insoluble matter, and extraction of the benzene three times with 
330 c.c. of 5 per cent sodium bicarbonate gave a solution which was 
acidified to pH 2 with 10 per cent sulphuric acid and some black 
resin removed. The disulphide was then extracted three times with a 
total of two litres of ether, the extract dried and concentrated 
yielding 31-7 grams of a disulphide. This could not be recrystallized 
as it became viscous, and conversion to the thiol and re-formauon of 
the disulphide caused much polymerization. The identification was 
effected by reduction to the thiol and formation of crystalline 
derivatives. 

Reduction and identification of the disulphide from asparagus and formation 
of derivatives—The disulphide was reduced with sodium in liquid 
ammonia. Evaporation and acidification of the residue gave an acid 
m.p. 61°-62°C which had the empirical formula C,H,O,S, and was 
shown to contain two SH groups by titration with f-chlorophenyl- 
mercuribenzoate Cl-C,H,-Hg-O-CO-C,H,;, using sodium _nitro- 
prusside as an external indicator. The mercury reagent was 
standardized with specially purified cysteine hydrochloride. The 
determination depends on the reaction: Cl-C,H,-Hg-O-CO-C,H, + 
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HS-R = Cl-C,H,-Hg-SR + C,H,COOH. The acid was therefore 
9 : 2'-dithioisobutyric acid, HS-CH,-CH(COOH)-CH,-SH. It was 
characterized as the S-dimethy] derivative CH,:S-CH,-CH(COOH)- 
CH,-S:CH;. This acid was synthesized from s-dichlorohydrin 
which was converted first to dichloroacetone and thence through the 
bisulphite compound to the corresponding cyanohydrin and so to 


OH 
“a . . 
the hydroxy-acid Cl-CH,-C————— CH,-Cl. On reduction with 
COOH 
hydriodic acid at 100° this gave 2 : 2’-di-iodozsobutyric acid 


H 


= 
I-CH,-C——CH,-I. With ethanolic sodium methyl mercaptide the 


COOH 

corresponding S-dimethyldithio-acid CH,S-CH,-CH(CGOOH)-CH,- 
S-CH, was obtained. It was identical with that isolated on reduction 
of the disulphido-acid from asparagus followed by methylation. 

Desulphurization of the 2: 2'-dithioisobutyric acid from asparagus with 
Raney nickel—This was carried out in alcoholic solution and the 
isobutyric acid converted to its p-phenylphenacyl ester which was 
identical with an authentic sample. (HS-CH,),-CH-COOH —~> 
(CH) .;>CH-COOH ——> (CH;),.-CH-CO-O-CH,-CO-C,H,:-C,H;. 

‘Further evidence of the presence of two thiol groups in the acid from 
Asparagus—The disulphido-acid was reduced as before and the 
product condensed with formaldehyde in 0-1 N hydrochloric acid, 
yielding an acid C;H,O,S, which gave analytical figures corre- 
sponding to | : 3-dithiane-5-carboxylic acid. 


H-S-CH, S-CH2 
CH,0 + poe oe COOH ———> ea UH COOH + H,0 
H-S°CH, S-CH, 


Possible biological behaviour of the dithio-acid from asparagus—Jansen 
points out that 2 : 2’-dithiotsobutyric acid is closely related in 
structure to ‘British Anti-Lewisite’, 2 : 3-dimercaptopropanol 
HO-CH,-CH(SH)-CH,-SH and suggests that it may protect the 
thiol enzymes of asparagus by removing heavy metals, or that like 
glutathione it may be an oxidation-reduction agent, concerned with 
hydrogen transfer. The question arises whether this compound is 
responsible for the elimination of methanethiol in the urine after 
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ingestion of asparagus. Allison has found that a large number of 
persons (69 out of 116 examined), do not, in fact, exhibit the methane- 
thiol formation after consuming asparagus. Jansen’s experiments 
with two individuals are inconclusive. 

Allison and McWhirter®? found that whereas some subjects 
excrete detectable amounts of methanethiol after ingesting only 
three or four sticks of asparagus, no significant amount of the 
compound occurs in the urine of others after ingestion of as much as 
a pound of asparagus. This metabolic difference and the genetic 
factors which control it are both under further investigation. The 
authors are chiefly concerned with the second aspect of the problem. 


IDENTIFICATION OF THE METHYLMETHIONINESULPHONIUM ION 
IN ASPARAGUS 


Dr Margaret Whitaker (Simpson?*) found that a concentrated 
acetone extract of asparagus evolved dimethyl sulphide on boiling 
with alkali. (The seaweed thetin, see p. 34, evolves the sulphide in 
the cold.) By using two ion-exchange resins which retained (a) the 
basic amino acids and a sulphonium compound and (b) the amino 
acids, an eluate was obtained which gave a platinichloride and 
thence a picrate. Challenger and Miss Hayward* identified the 
source of the dimethyl sulphide as a methylmethioninesulphonium 


salt X { SMe,-CH,-CH,-CH(NH,) -CO,H. Paper chromatography 
of (c) the chloride obtained from the picrate and (d) the methionine 
and homoserine from the alkaline decomposition of (¢c) confirmed 
the identity. 

About six months previously this sulphonium compound had 
been isolated as a bromide from cabbage and detected in parsley, 
lettuce and turnip greens and other vegetables by Shive and his 
co-workers®®. The dimethylsulphonium compound of horse-tails 
and of bracken may possibly be a methylmethioninesulphonium salt 
since these plants, as well as asparagus extracts, require fairly strong 
heating with alkali before the dimethyl sulphide is evolved. 

Speculations on the origin of the methanethiol excreted after ingestion of 
asparagus—The simplest explanation would be that the methanethiol 
arises from methionine which has been shown to yield this mercaptan 
in cultures of Scopulariopsis brevicaulis on bread®* and in cultures of 
Aspergillus niger and Microsporum gypseum®’. ‘There is also some evi- 
dence (see p. 51) that a similar fission may occur in man under 
pathological conditions®’,5®, Nevertheless, methionine is. wide- 
spread in foodstuffs and yet considerable methanethiol excretion has 
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only been recognized—in healthy persons—after consumption of 
asparagus. The same objection probably applies to the suggestion 
that the source of the methanethiol is a methylmethionine sulpho- 
nium salt. This occurs in asparagus, but also in many other 
vegetables. It yields some methanethiol in cultures of A. niger 
on bread®°, but this is probably due to a preliminary formation of 
methionine. 

The isolation of S-methylcysteine sulphoxide from cabbage by 
Synge and Wood?8 and its detection in a large number of Cruciferae, 
but not yet in asparagus, may here be recalled. Sulphoxides yield 
mercaptans and aldehydes on fission by acids R-CH,-SO-CH,R— 
R-CHO + R-CH,SH. Synge and Wood consider that the evolution 
of traces of mercaptans and hydrogen sulphide during the cooking 
of cruciferous vegetables, reported by Niemann® and discussed by 
Rubner®, may be due to decomposition of S-methylcysteine sulph- 
oxide. Their evidence for the formation of methanethiol was the 
production of a greenish-yellow precipitate on aeration into mercuric 
cyanide (see p. 18) and a yellow precipitate when this was acidified 
with 3 per cent hydrochloric acid and volatile matter aspirated into 
3 per cent lead acetate. In spite of the absence of analyses and 
formation of a derivative having a melting point, the conclusions of 
these earlier workers were probably correct. The simultaneous 
evolution of hydrogen sulphide is presumably due to the decom- 
position of sulphenic acids R.CH,-S-OH arising by the hydrolytic 
fission of disulphides: R-CH,-S-OH = R-CHO + HS. For 
example, Synge and Wood cite the statement of Zwergal® that 
hydrogen sulphide and ‘mercaptan’ are produced on steam distilla- 
tion of kohl-rabi with dilute acid. The methyl mercaptan was 
detected as ‘mercury mercaptide’. Since a methylsulphinyl cyanide 


+ 
CH;-S-CH : CH-CH,-CH,-CH,:CN was also isolated from the 
a 
same plant by Zwergal (see Chapter 4, p. 120), the methyl mercaptan 
may arise by fission of this nitrile. Blackburn and Challenger® cite 
the work of Nakamura®® who in 1925 isolated methyl mercaptan 
from the radish (Raphanus sativus L.), thus affording the first instance 
ofits occurrence in fresh plant tissue. Air was slowly passed over the 
freshly crushed roots (acidified with oxalic acid) into aqueous 
mercuric cyanide, Traces of hydrogen sulphide caused the mercap- 
tide to be yellow (see Chapter 1, p. 18) but on extraction with 
boiling acetone the solution deposited pure mercury dithiomethoxide 
(CH,S).Hg. It will be recalled that Schmid and Karrer®? isolated 
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on 
sulphoraphene CH,-S-CH : CH-CH,-CH,:N :C:S from radish 


seeds. é- 

Koolhaas®* in 1931 detected methanethiol in five species of 
Lasianthus. The mercaptan was isolated as the (analysed) mercury 
derivative by steam distillation of the leaves of Lastanthus purpureus 
and collection in potassium hydroxide followed by acidification and 
absorption in mercuric cyanide. Synge and Wood remark that 
‘methylcysteine sulphoxide may . . . give rise to methanethiol and 
related volatile compounds’. They do not appear, however, to have 
studied the volatile products of the decomposition of S-methy]- 
cysteine sulphoxide very fully as yet, since they remark that hot 
hydrochloric acid gives S-methylcysteine, ammonia, some carbon 
dioxide and an unpleasant cabbage-like odour. It seems very probable 
that methanethiol was present. 

Comments on the preceding speculations—We are not yet in a position 
to hear the conclusion of the whole matter. The occurrence of 
a-amino-y-dimethylbutyrothetin [the methylmethionine sulphonium 


+ — 

ion (CH3;).S-CH,-CH,-CH(NH,)COO] and _ S-methylcysteine 
sulphoxide in both cabbage and turnip®® and many other 
vegetables and the presence of the first compound in asparagus®® 
renders desirable a search for the sulphoxide in asparagus. Should 
this be found, a study of its behaviour on administration to human 
subjects should be made. Should the sulphoxide be established as the 
precursor of the urinary methanethiol it will still be necessary to 
determine why the phenomenon is exhibited by asparagus so much 
more intensely than by other vegetables, e.g. cabbage. 

So far as the author is aware no enzyme preparation has yet been 
obtained which produces a mercaptan from a sulphoxide. The only 
biological decompositions of sulphoxides so far reported are those of 
dimethyl and diethyl sulphoxides which, in bread cultures of 
Scopulariopsis brevicaulis, are reduced to the corresponding sulphides, 
the yield of mercurichloride in the first case being 60 per cent®*>7°. 
The author agrees with Synge and Wood that ‘much further work is 
required to throw light on the reactivity of sulphoxide groups’. 

Rubner states that methanethiol was detected in the vapours from 
the acidified urine of persons consuming cabbage, cauliflower and 
Teltower—Riibchen, by formation of a green colour with isatin in 
sulphuric acid. This evidence is hardly comparable with that furnish- 
ed by the experiments with asparagus, where the odour in the urine 
was intense and metal derivatives of methanethiol were prepared. 

Salkowski’s experiments on rabbits fed exclusively on cabbage—Salkowski"! 
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noticed an abnormal excretion of thiosulphate by rabbits fed only on 
cabbage; the evidence for its presence seems convincing. The 
urine on acidification with acetic acid evolved no mercaptan on 
boiling, but on heating with hydrochloric acid a mercaptan which 
gave a precipitate in mercuric cyanide was evolved. This was 
assumed to be methanethiol, because with isatin in sulphuric acid the 
usual green colour was produced. Sulphur arising from the decom- 
position of thiosulphate, and hydrogen sulphide were also produced. 

An aqueous extract of cabbage produced the same results on 
administration to rabbits? and was decomposed by hot hydro- 
chloric acid, but no details are given. Synge and Wood suggest that the 
aqueous extract of cabbage and the urine both contained S-methyl- 
cysteine sulphoxide and that the methanethiol is only evolved from 
the urine when it is boiled with acid and the sulphoxide decomposed. 


THE EXCRETION AND PROBABLE EXHALATION OF METHANETHIOL 
(METHYL MERCAPTAN) IN MAN 


Methyl mercaptan formation in necrosis of the liver—The presence of a 
characteristic odour (/foetor hepaticus) in the breath of patients with 
severe liver disease has been known for many years and has been 
discussed by Schiff73, Himsworth’4, Davidson?® and Lichtman’®. 
Davidson suggested that it was due to a mercaptan derived from 
cystine or methionine, but showed that its presence was not depen- 
dent upon methionine therapy. The same or a very similar odour’® 
is sometimes present in the urine of patients manifesting foetor 
hepaticus. Recently a case of massive hepatic necrosis was studied in 
University College Hospital, London, in which the smell was very 
marked in the urine when passed and opportunity was taken to 
isolate and identify the compound responsible. 

The urine was collected over thymol and stored at 4°C. It 
seemed probable that the odorous substance in the urine was either 
an alkyl mercaptan, a dialkyl sulphide or a dialkyl disulphide or a 
mixture ofall three. It was decided to employ the method developed 
by Challenger and Rawlings® and Blackburn and Challenger’? for 
identification. 

Paper-chromatographic examination of the plasma repeatedly 
showed a moderate increase in the concentration of the amino acids 
commonly found, but a very marked increase in methionine, as has 
been observed previously in cases of severe hepatitis. Death occurred 
after the patient had been in coma for 10 days. Post-mortem exami- 
nation showed that the liver weighed only 840 g., due to almost 
complete destruction of the parenchymal cells. 
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Examination of the urine—A slow stream of nitrogen was passed 
through approximately 5-6 |. of the urine and then successively 
through tubes containing dilute sulphuric acid (to remove ammonia) 
and through (a) aqueous mercuric cyanide and (6) aqueous mercuric 
chloride. The volume of liquid in the tubes was about 5 ml. in each. 
A deposit formed in (a) which had a very faint yellow tint, gave an 
odour of methanethiol on acidification and melted unsharply and 
decomposed from 150° to 180°C. It was boiled with water, to 
remove mercuric cyanide from small quantities of the double 
compound (CH;S),Hg-Hg(CN)., (see Chapter 1, p. 3), filtered 
and recrystallized from much hot ethanol, when it separated in 
shining leaflets closely resembling in appearance mercury dimethyl 
mercaptide, Hg(SCH,),. These melted and decomposed at 170° 
174°C and at 168°C in admixture with an authentic sample of 
m.p. 167°-168°C (decomp.). Hg(SCH3). melts and decomposes at 
174°-175°C. The authentic sample contained traces of mercuric 
cyanide, hence the lower m.p. Similar m.p’s and mixed m.p’s were 
obtained with the mercuric cyanide precipitate which had been 
heated with water, but not recrystallized. 

The deposit in tube (6) in the original experiment was much 
smaller in amount than that in (a). It gave a scarcely perceptible 
odour with sodium hydroxide, indicating the absence of the double 
compound 2(CH,).S, 3HgCl, and hence of dimethyl sulphide from 
the urine (see p. 52, and Challenger and Rawlings®). With dilute 
acid the odour of methanethiol was readily detected. The solid 
sintered from 150°C and decomposed at 180°C without com- 
pletely melting, a behaviour consistent with that of a mixture of 
CH,-S-HgCl-HgCl, and CH,:S-HgCl. The deposit in the mercuric 
chloride arose either from traces of methanethiol which escaped 
precipitation in the cyanide, or more likely, by fission of dimethyl 
disulphide CH,-S-S-CH, produced by atmospheric oxidation of the 
methanethiol in the urine. Disulphides pass unchanged through 
mercuric cyanide. 


Possible origin of the methanethiol 

The high concentration of methionine in the blood of the patient 
suggests that the methanethiol may have arisen from this amino 
acid by hydrolytic or reductive fission of the bond between the 
CH,S-group and the adjoining carbon atom, giving homo- 
serine, HO-CH,-CH,:CH(NH,)-COOH or «-aminobutyric acid, 
CH,-CH,-CH(NH,)-COOH respectively as the second product. 
Such a fission has been observed with methionine and S-methyl- 
cysteine giving methyl mercaptan, in cultures of the mould 
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Scopulariopsis brevicaulis?® and with the enzyme thionase occurring in 
liver tissue respectively’®. 

It is well known that methionine can supply a methyl group for the 
biological synthesis of choline, creatine, anserine, adrenaline and 
N-methylnicotinamide (see Chapter 5, p. 174). The methionine is 
then re-formed and is maintained at a fairly constant level. Many 
of these transmethylations presumably take place in the liver and in 
cases of damage to that organ, methyl transfer is possibly inhibited 
and methionine may accumulate; such an accumulation has actually 
been observed in the case of this and other patients with severe 
parenchymal liver disease®®°. The organism may then employ 
fission of the other carbon-sulphur link with elimination of methane- 
thiol, in order to deal with the excess of methionine. Dent*! found 
in 1947 that, in normal subjects and especially in a case of the Fanconi 
syndrome, increased excretion of a-aminobutyric acid followed the 
administration of methionine, ‘as if some direct desulphurization 
had taken place’. The fate of the CH,S-group of the methionine 
was not investigated. Mercaptan production may, of course, be pre- 
ceded by oxidative deamination of methionine and formation of the 
corresponding a-keto acid, CH;-S-CH,-CH,:-CO-CGOOH, which was 
shown by Challenger and Liu** to yield methanethiol and, by methyla- 
tion, dimethyl sulphide in cultures of S. brevicaulis. Amination of the 
keto-acid to methionine followed by fission, was, however, notexcluded. 

The absence of dimethyl sulphide in the urine is noteworthy and 
may be due to impairment of the methylation processes of the liver. 
In man, methanethiol may be expected to be methylated, to some 
extent at least, to dimethyl sulphide. This sulphide is almost 
certainly exhaled by man on administration of thiourea, a type of 
mercaptan. The metabolism of thiourea in man and dogs has been 
discussed by Challenger and Liu, Astwood*®.84and Himsworth®, and 
by Pohl8*. The odour of the breath of the patient was less unpleasant 
than that of the urine. This may have been due to the oxidation of 
the methanethiol to dimethyl disulphide, CH,-S-S-CHg, which has a 
less obnoxious odour. The breath was not examined chemically, so 
the presence of some dimethyl sulphide, CH,-S-CHy, is not excluded. 


]-PROPANETHIOL (”-PROPYL MERCAPTAN) IN ONIONS 


Small quantities of 1-propanethiol CH,-CH,-CH,-SH are present 
in onions*’. Sterile air was passed in three separate experiments 
through the onions (5-6 kg. in all), then through aniline to remove 
any allyl isothiocyanate CH, : CH-CH,-N:C:S, then through 
dilute hydrochloric acid into mercuric cyanide and finally into 
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mercuric chloride, both in aqueous solution. A precipitate slowly 
formed in the cyanide and after crystallization from ethanol was found 
to be pure mercury di-thio--propoxide Hg(S-CH,:CH,-CH3), by 
analysis and by m.p. and mixed m.p. determinations. It depressed 
the m.p. of the corresponding allyl compound Hg(S-CH,-CH : CH,), 
the presence of which might have been expected. 

The identity of the 1l-propanethiol was further confirmed by 
decomposition of the mercury derivative with acid and aspiration 
through water into lead acetate. The precipitated lead di-thio-n- 
propoxide Pb(S-C,;H,), was identified by comparison with an 
authentic specimen. In a similar manner the lead mercaptide was 
converted to the silver derivative. The corresponding allyl deriva- 
tives differ widely in m.p. from the lead and silver compounds 
obtained from the onion. The content of l-propanethiol in the 
onion was estimated as being about 10 mg./kg. 

n-Propanethiol had not previously been detected in nature, 
although Challenger and Rawlings®* observed its formation from 
di-n-propy] disulphide in cultures of S. brevicaulis. It may be identical 
with a very volatile compound from onions mentioned by Walker, 
Lindegren and Bachmann®*’. Kohmann®® reports the presence of 
propionaldehyde in onions from evidence based on the melting 
points and analyses of the 4-nitro- and 2 : 4-dinitrophenylhydra- 
zones. It seems possible that, during the distillation of the onions 
under reduced pressure in presence of water at 50°C, propion- 
aldehyde might have arisen from propanethiol thus: 


i. H,O 


CH,.CH,-CH,-SH —> (CH,-CH,-CH,S-), —> 


=H,S 
CH,-CH,-CH,-SH + CH,-CH,-CH,-SOH —> CH,-CH,-CHO 
Propanesulphenic acid. 


This type of reaction was studied by Schéberl®, 

In 1924 Meirion Thomas” distilled onions in steam and treated 
the distillate with ‘dimedone’ (3 : 3-dimethylcyclo-hexane-1 : 5-dione) 
obtaining crystalline derivatives which were identical with the 
‘dimedone’ derivative of propionaldehyde, in confirmation of the 
work of Kohmann*?. 


THE PRECURSORS OF DIALLYL DISULPHIDE IN GARLIC 


In 1944 Cavallito%-%4 and his colleagues isolated an antibacterial 
oily substance from garlic cloves by steam distillation of an alcoholic 
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extract. This had only a slight garlic odour, was soluble in water, 
had the composition C,H,jOS, and was named allicin. The 
authors could not decide between the formulae 


a 
CH, : CH-CH,-S(O)-S-CH,-CH : CH, 
and CH, : CH-CH,-S-O-S-CH,-CH : CH, 


but preferred the first. No other compound of this type had hitherto 
been isolated from a natural product with the possible exception of 
8 p’-dihydroxydiethyl sulphoxide. Stoll and Seebeck*®® found that 
oxidation of diallyl disulphide with hydrogen peroxide in glacial 
acetic acid gave an oil having the chemical and antibacterial 
properties of allicin, which should therefore be assigned the sulph- 
oxide structure and may also be regarded as the allyl ester of allyl- 
thiosulphinic acid. Cavallito et al. also oxidized a number of dialkyl 
disulphides to analogues of allicin and studied their bactericidal 
properties. 

Alliin—The Swiss authors®® then isolated an amino acid from 
garlic which they named alliin and showed to be a precursor of 
allicin. Garlic cloves were mixed with solid carbon dioxide, 
thoroughly ground and extracted with methyl or ethyl alcohol 
containing about 10-15 per cent of water. The alcohol was removed 
in vacuo and the aqueous residue freed from fat by ether. Carbo- 
hydrate was removed by fractional precipitation with methy] alcohol, 
when the alliin was obtained as almost odourless, optically active 


crystals, [2] e = + 62-8°, having the composition 2C,H,,O,;NS-H,O. 


The water can only be removed at a temperature at which decom- 
position occurs. Nevertheless the analysis of various derivatives of 
alliin which are anhydrous always indicates the formula C,H,,O,NS 
for alliin. This is true, for dihydroalliin, desoxoalliin and the 
N-benzoyl and N-p-nitrobenzoyl derivatives. The molecular weight 
of alliin determined cryoscopically in water agrees with the 
formula C,H,,O,NS. 

Potentiometric titration, the ninhydrin reaction and a van Slyke 
determination of the nitrogen content showed alliin to be an amino 
acid. Reduction with hydrogen and Raney nickel as catalyst 
established the presence of one double bond and gave dihydroalliin. 
Neither the oxygen nor the sulphur were removed. Cysteine was 
oxidized to cystine and hydrogen sulphide to sulphur. The last 
reaction explains the behaviour of alliin with thioacetic acid, 
CH3:-COSH in glacial acetic acid solution. Sulphur slowly separates 
at room temperature. ‘The other product of the reaction is an acid 
CgH,,;0;,NS which with hydrogen and Raney nickel takes up one 
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mol. of hydrogen. On warming the acid with sodium hydroxide it 
gives acetic acid, ammonia, pyruvic acid and a strong odour of allyl 
mercaptan. This was not characterized, but on carrying out a 
similar alkaline decomposition with the reduced acid, 1-propanethiol 
was obtained and characterized as its derivative with mercuric 
chloride, either C,H,-S-HgCl or its double compound with mercuric 
chloride. 

The course of the alkaline hydrolysis would be explained if the 
acid C,H,,0,NS were an allylmercapturic acid CH, : CH-CH,:-S- 
CH,-CH(NH-CO-CH,)-COOH produced from the corresponding 
sulphoxide, alliin, by acetylation of the amino group with thioacetic 
acid (see Chapter 6, p. 231). The hydrogen sulphide produced is 


ea hi 
then oxidized to sulphur (see p. 54) probably by an —S—O group, 
which is reduced to —S—. 


+e CH,-CO-.SH 
CH, : CH-CH,-S(O)-CH,-CH(NH,)-COOH —————> 


H (OH Hi OH 2H,O 
CH,: CH-CH,:S- : CH,-CH(NH:-CO-CH;)-COOH ———> 


CH, : CH-CH,-SH + CH, : C-COOH + CH,COOH + H,O 
NH, 


The a-aminoacrylic acid gives ammonia and pyruvic acid on 
hydrolysis. The S-alkylcysteines readily yield mercaptans with 
alkali. 

Further evidence confirmed the structure 


CH, : CH-CH,-S-CH,-CH(NH,).COOH 
O 


for alliin. Sodium metabisulphite Na,S,O, removed an atom of 
oxygen forming desoxoalliin, which was synthesized from allyl 
bromide and the mercuric chloride double compound of cysteine 
and shown to have the structure CH, : CH-CH,-S-CH,:-CH(NH,)- 
COOH. On acetylation with either acetic anhydride or thioacetic 
acid the acid C,H,,0,NS was obtained, identical with that prepared 
from alliin and thioacetic acid. 

Enzymic fission of alliin—Alliin has no antibacterial properties but 
on addition of an enzyme preparation obtained from garlic the 
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solution acquires antibacterial properties®®, and contains allicin, 
pyruvic acid and ammonia: 


2CH, : CH-CH,-S-CH,CH(NH,)-COOH + H,O = 


O 
CH, : CH-CH,-S-S-CH,CH : CH, + 2CH,-CO-COOH + 2NH, 


O 


Stoll and Seebeck®’ suggested that alliin first breaks down to give (a) 
allylsulphenic acid CH, : CH-CH,-S-OH, which they write as the 


+ 
corresponding tautomeric form, the sulphoxide CH, : CH-CH,S-H, 
and (4) one molecule of a-amino-acrylic acid CH, : C((NH,) COOH. 
Two molecules of the sulphenic acid are believed to give allicin and 
water while (4) with water gives pyruvic acid and ammonia. Finally 
allicin was shown on distillation with steam to yield diallyl disul- 
phide. The oxygen acceptor in this reaction has not yet been 
identified. 

A simpler explanation of the formation of allicin from alliin may 
be suggested, according to which the allylsulphenic acid undergoes 
disproportionation to allylsulphinic acid and allyl mercaptan 
(prop-2-ene-1-thiol). These two then interact to form allicin and 
water 


2CH,:CH-CH,-S-OH-> CH, :CH.CH,-S-OH + HS.CH,-CH:CH, 


O 
+ = 
—> CH,: CH-CH,-S.S-CH,-CH: CH, + H,O 


| 
O 


SYNTHESIS OF NATURAL ALLIIN [ (-+)-ALLYL-L-CYSTEINE SULPHOXIDE] 
AND ITS THREE OPTICALLY ACTIVE ISOMERS 


As the molecule of alliin CH, : CH.CH,-S-CH,-CH(NH,)-COOH 
| 


O 
contains two asymmetric centres, the a-carbon of the amino acid 
residue and the sulphur of the sulphoxide group, the following 
isomers Can exist 
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ye) oe) 


Of these I and IV are optical antipodes (enantiomorphs) and so are 
II and III. On the other hand I and III and II and IV are dia- 
stereoisomers. Before commencing a study of the optically active 
alliins Stoll and Seebeck®* decided to obtain preliminary experience 


with the corresponding n-propy] derivative CH,-CH,-CH,-S-CH,: 


O 
CH(NH,)-COOH. This was obtained by oxidation of S-n-propyl- 
L-cysteine with hydrogen peroxide. The product was obviously 
racemic with respect to the sulphur atom but possessed laevo- 
rotation due to the C-atom of the L-cysteine residue. Consequently 
it should theoretically be possible to resolve it into (—)-S-n-propyl- 
L-cysteine sulphoxide and (-+-)-S-n-propyl-L-cysteine sulphoxide 
and this was done by fractional crystallization from aqueous acetone. 


The second isomer iz S| was found to be identical with the product 


of the catalytic reduction of natural alliin. This enables the structure 
(++ )-S-allyl-L-cysteine sulphoxide to be assigned to natural alliin 
unless configurational change had occurred during hydrogenation. 
The above configuration was confirmed by a direct synthesis. 
Desoxoalliin CH, : CH-CH,:S-CH,-CH(NH,)-GOOH was syn- 
thesized by an improved method from allyl bromide and L-cysteine 
in sodium hydroxide. The product was oxidized with hydrogen 
peroxide. On fractional crystallization of the resulting sulphoxide 
from aqueous acetone (+)-S-allyl-L-cysteine sulphoxide was 
obtained identical with natural alliin in specific rotation and m.p. 
The mother liquors yielded the (—)-S-allyl-L-cysteine sulphoxide. 
This synthesis of natural alliin confirms the constitution and 
configuration already assigned to it. Stoll and Seebeck decided to 
prepare the corresponding derivative of D-cysteine, but as this 
amino-acid is not readily available, S-allyl-DL-cysteine was 
prepared and converted to its N-formyl] derivative by warming with 
formic acid in acetic anhydride. This was then resolved by fractional 
crystallization of its brucine salt from butanol when the salt of 
S-allyl-D-N-formylcysteine separated, CH, : CH-CH,-S-CH,-CH- 
(NH-CHO)-COOH. The brucine was then removed by ammonia, 
the filtrate concentrated and the formyl group hydrolysed with 
hydrochloric acid. The resulting hydrochloride on treatment with 
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ammonia gave S-allyl-D-cysteine. This was oxidized with hydrogen 
peroxide as before and when the resulting sulphoxide was fractionally 
crystallized from aqueous acetone separation into (—)-S-allyl-D- 
cysteine sulphoxide (which separated first) and (+-)-S-allyl-D- 
cysteine-sulphoxide was achieved. 

Stoll and Seebeck have reviewed the pharmacology of garlic and 
the products obtained from it and the general chemistry of alliin®?. 
It may be interesting to compare the stereochemical work just 
described with that of Lavine?® and of Moore and Stein*® (see pp. 
38, 40) on the separation of the diastereoisomers of methionine 
sulphoxide and of Schéberl!°° on the optically active cystathionines 
and allocystathionines. Blackburn!® has also studied the diastereo- 
isomers of lanthionine. 


DJENKOLIC ACID 


For at least fifty years it has been known that the natives of the 
East Indies often suffer from more or less severe damage to the 
urinary tract through eating the djenkol bean (Pithecolobium lobatum). 
This resembles a chestnut in appearance and is about 15 g. in weight. 
The susceptibility of different individuals varies greatly. The urine 
of the patients contains epithelial cells, blood and albumen and also 
sharp needle-shaped insoluble crystals, often in considerable quantity. 
On keeping the urine, however, these frequently disappear. The 
damage to the ureters is presumably due to mechanical irritation by 
the sharp crystals, which occasionally accumulate and cause an 
obstruction. ‘The urine has an intensely unpleasant odour which is 
stated to resemble that of an organic sulphide or mercaptan and also 
that of a mustard oil. A similar odour is produced when the bean is 
allowed to germinate either by being placed in water or buried 
in the earth. There has been some discussion as to whether 
germination through burying increases or diminishes the toxicity of 
the bean. . 

Isolation of djenkolic acid—The first scientific investigation of 
‘djenkol sickness’ and its cause was carried out by van Veen and 
Hyman'”104 in Batavia, Java. They examined the crystals 
deposited from the urine of both men and monkeys and found them 
to be acidic and to contain carbon, hydrogen, oxygen, nitrogen and 
sulphur. The name djenkolic acid was given to the new substance. 
Earlier work had indicated that the bean contains a complex 
which on hydrolysis gave djenkolic and phenylacetic acids. An 
investigation of the other ingredients of the djenkol bean would 
furnish interesting results. 

The method used for the isolation of djenkolic acid was as follows: 
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Shelled grated beans were treated with water and excess of baryta, 
allowed to stand, the mixture filtered, acidified with dilute sulphuric 
acid, filtered, brought to pH 5-6 and concentrated in a stream of 
carbon dioxide under diminished pressure. Dyjenkolic acid then 
separated. 10-16 g. were obtained from | kg. of beans and crystal- 
lized from much boiling water. 

Constitution of djenkolic acid—The analysis of the acid and of its 
monohydrochloride indicated the empirical formula C,H,,0,N,Soz. 
Treatment with sodium nitroprusside proved the absence of an 
—SH or —S—S— group, no purple colour being obtained in 
absence or in presence of potassium cyanide, with which —S—S— 
groups react to produce —SK and —SCN?®, 





NH—CO-NH, 
S-CH,-CH(NH,) COOH SCH CH—CO "OH 
o K-O-CN 
CH, ote OCH, 
\s-cHy-CH(NH,)-COOH S-CH,,CH—CO-OH 
NH—CO-NH2 
(M1) 
Lc (TY ) 
NH—cO—NH 
| 
SCH CH C0 
CH? = 2H,0 
S-CH,-CH- co 
| 
NH— CO—NH 


(V) 


It was soluble in both acid and alkali. This explains the use of 
soda-water or of an aqueous extract of the ashes of rice-straw in the 
treatment of ‘djenkol sickness’ by the natives, the deposited crystals 
being dissolved. An infusion of the upper leaves of the kapok tree 
is also used successfully. The gradual disappearance of the deposit of 
djenkolic acid from the pathological urine may be due to the produc- 
tion of alkalinity on standing. Djenkolic acid gave a strong ninhydrin 
reaction. These observations suggested an amino-acid structure 
which was confirmed by the formation of a dihydantoin (V) with 
potassium cyanate. A dibenzoyl derivative was also formed. The 
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presence of two amino-acid residues therefore seemed probable. 
On warming with sulphuric acid at 120°-140°C in an atmosphere 
of carbon dioxide, pouring on ice, neutralizing with baryta, filtering 
and evaporating in a vacuum, a crystalline residue resulted which 
was identified as cystine. 

These results suggested that two cysteine residues might be present 
and be linked to a central carbon atom through the sulphur atoms. 
Consequently djenkolic acid was warmed with aqueous sulphuric 
acid (about 1 : 1) and phloroglucinol!®, and the precipitated solid 
separated. Its weight corresponded to the presence of one —CH,— 
group in djenkolic acid and its analysis to that of the condensation 
product of phloroglucinol and formaldehyde. The structure (III) 
was therefore assigned to djenkolic acid. Its dihydantoin (V) is also 
shown on p. 59. The intermediate ureido-acid (IV) was not isolated. 

van Veen and Hyman suggested that djenkolic acid might be 
formed in the plant by the condensation of formaldehyde and 
cysteine, a suggestion which was welcomed by the author and his 
co-workers®:196, who almost simultaneously with van Veen and 
Hymans’ publication, had suggested that methylation of sulphur in 
nature might occur by condensation of mercaptans and formalde- 
hyde RSH + CH,O— R-S-CH,-OH — R-S-CHs3. 

The condensation of aldehydes and ketones with cysteine gives 
either an addition compound (VI) or a thiazolidinecarboxylic acid 
(VII). Ratner and Clarke?®’ studied the reaction with formaldehyde 
between pH 1-5 and 12 and obtained thiazolidine-4-carboxylic 
acid (VIII). Similar results had been reported by Schubert!®. 


ROH Ri = =S——=CH 
2 
SeS:CHe CH(NH,):COOH et 
fe R” NH—CH-COOH 
(VI) (VE) 


Synthesis of djenkolic acid—Armstrong and du Vigneaud?!99, then 
showed that if one mol. of formaldehyde and two of cysteine are 
condensed in 7N hydrochloric acid, djenkolic acid is formed in a 
68 per cent yield. At less than pH 5 formation of djenkolic acid was 
negligible. When equimolecular proportions of cysteine and 
formaldehyde interact in 6N hydrochloric acid, Armstrong and du 
Vigneaud"° also found that the main product was thiazolidine-4- 
carboxylic acid. With excess of cysteine the main product is 
djenkolic acid. The intermediate hemithioacetal (IX) in hydro- 
chloric acid may lose water to give thiazolidine-4-carboxylic acid, 
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or react with a second molecule of cysteine to give djenkolic acid 
according to the experimental conditions. 


CH, | HO-CH,S -CHzCH(NH,) -COOH 
NH——CH-COOH 
( VI) (IX) 


This synthesis of djenkolic acid was confirmed by formation of the 
monohydrochloride, the dibenzoy] derivative and the dihydantoin. 
Armstrong and du Vigneaud have submitted the reaction between 
L-cysteine and aldehydes and ketones in 6N hydrochloric acid at 
room temperature to a further study. 

du Vigneaud and Patterson™ also synthesized djenkolic acid 
from methylene chloride and 2 molecular proportions of L-cysteine 
in liquid ammonia. 

The suggestion that formaldehyde was involved in the biological 
synthesis of djenkolic acid did not postulate the intervention of free 
formaldehyde. The development of the idea of the ‘formaldehyde 
equivalent’ by Robinson had rendered such an assumption un- 
necessary. Later work by Sakami, Arnstein, Kisliuk and others on 
one-carbon fragments and on ‘active formaldehyde’, which is 
discussed in Chapter 5 and in reviews by the author! and by 
Verly™%, has indicated the lines along which reaction with ‘formalde- 
hyde’ may occur. 

It is possible that the formaldehyde is carried as one of the ‘active 
formaldehydes’ which have been suggested from time to time, e.g. as 
N-hydroxymethyl glycine HO-CH,-NH:CH,-COOH or as 5-N- 
hydroxymethyltetrahydropteroylglutamic acid™%. 


H.NZJ! COOH 
2 | 9 10 | 
NRL CH, «NH CO-NH-CH-CH, -CH, -COOH 


CH30OH 
In that case the reaction with cysteine might be represented thus: 


» N-CH, OH + H]-S.CH,-CH(NH,)-COOH ——> 
H 
> N-CH,-S-CH,-CH(NH,)-COOH ——> 


> NH + HO.CH,-S-CH,-CH(NH,):COOH 
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S.CH,-CH(NH,)-COOH 


steine cd 
cities CH; + H,O 


S.CH,-CH(NH,)-COOH 


In the relations set out above > NH represents tetrahydropteroyl- 


glutamic acid which is regenerated and later reformylated and 
reduced to ‘active formaldehyde’. 


FELININE, AN AMINO ACID CONTAINING SULPHUR FROM CATS’ URINE 


In 1951 Datta and Harris" reported that the urine of cats and of the 
ocelot contained a substance which gave a ninhydrin reaction. This 
compound was investigated by Westall®. It was found to overlap 
with leucine and isoleucine on two-dimensional paper chromato- 
grams run with phenol-ammonia and collidine-lutidine. By a one- 
dimensional process using tertiary butyl alcohol it could be obtained 
as an individual spot which, on treatment with hydrogen peroxide 
no longer appeared in its original position. It seemed possible that 
the new amino acid contained sulphur and, if so, the disappearance 
of the spot would be due to oxidation to a sulphoxide or more pro- 
bably a sulphone. Consequently several amino acids containing 
sulphur were examined under the same conditions but in no case did 
the resulting ninhydrin spot coincide with that obtained by oxidation 
of the new amino-acid. This eliminated homocysteine, homomethio- 
nine, lanthionine, ff-dimethylcysteine and the corresponding 
cystine derivative, and the S-alkylcysteines (n-CH, to n-C;H,,). 
The new amino acid was finally isolated by fractionation on 
ion-exchange resins, another unknown amino acid being removed 
by a Zeo-Karb 215 column at 65°C. Precipitation with acetone 
from aqueous-alcoholic solution yielded the new compound. 
Analysis indicated the empirical formula CgH,,O,NS. The content of 
amino-nitrogen was the same as the total nitrogen. The molecular 
weight in aqueous solution agreed with the formula given above. 
The substance was retained in quantity by both cation and anion 
exchange resins. On two-dimensional chromatograms in the 
presence of copper carbonate a copper complex was formed and no 
ninhydrin spot was obtainable. All the evidence, therefore, suggested 
that the new compound—felinine—was an amino acid. On oxidation 
with hydrogen peroxide two atoms of oxygen were taken up by 
felinine and the resulting product was almost certainly a sulphone, as 
suggested by the chromatographic evidence already outlined. 
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Desulphurization of felinine with Raney nickel—Distillation of felinine 
with water and Raney nickel gave nickel sulphide and a volatile oil, 
immiscible with water which was identified as zsoamyl alcohol 
(CH,).-CH-CH,:-CH,-OH by formation of the 3 : 5-dinitrobenzoate. 
Careful oxidation of the oil with dilute chromic acid gave iso- 
valeraldehyde which was characterized as the 2 : 4-dinitropheny]l- 
hydrazone. Concentration of the original aqueous reaction mixture 
gave an amino acid which was identified as alanine by analysis after 
separation on a column. Paper chromatography of the eluate 
showed that no other amino acid was present. 

The structure of felinine—From these results Westall suggested the 
provisional formula 


HO.CH,-CH,-C(CH,).:S-CH,-CH(NH,)-COOH 


The point of attachment of the sulphur atom to the five-carbon 
chain was not ascertained. Thus, a structure such as 


HC(CH,). 


HO.CH,-CH-S-CH,-CH(NH,)-COOH 


was not excluded. The occurrence of the (GCH;),C-—S—C linkage 
in penicillin (X) suggests that this system may be found in other 
natural products. 


a 
HN—CH—CH  C(CH;), 


R:CO CO—N-——CH-COOH 
(X) 


The synthesis of (+ )—felinine—The structure tentatively assigned to 
felinine by Westall was confirmed by Trippett® by addition of 
toluene-w-thiol (benzyl mercaptan) to f-methylcrotonaldehyde 
(prepared from f-methylcrotonic acid by reduction with lithium 
aluminium hydride, followed by oxidation with manganese dioxide) 
in presence of piperidine, followed by heating the mixture at 100°C 
8-Benzylthioisovaleraldehyde was obtained, 


(CH,),C = CH-CHO + HS-CH,-C,H; ——> 
CH,:-CHO 


(CH,).C 


‘\ 
S.CH,-C,H; 
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This, on reduction with lithium aluminium hydride in ether followed 
by acidification, yielded the corresponding B-benzylthiozsoamyl 
alcohol. When this was dissolved in liquid ammonia and treated 
with sodium the benzyl group was removed by hydrogenolysis and 
replaced by sodium. Without removing the ammonia a-amino- f- 
chloropropionic acid was added and the ammonia then allowed to 
evaporate. The residue was dissolved in water and passed down a 
column of Dowex 50 ion-exchange resin (H* form) and washed with 
water. When the effluent was neutral the amino acid was eluted 
with ammonia. Evaporation of the eluate and crystallization from 
aqueous ethanol gave (+)-felinine, S-3-hydroxy-1 : 1-dimethyl- 
propyl-cysteine: 


HO.CH,-CH,-(CH,),C-SNa + Cl-CH,-CH(NH,) COOH —> 
HO.CH,-CH,-(CH,) C-S-CH,-CH(NH,) COOH 


Felinine 


The product behaved on paper chromatography in five different 
solvents exactly as did the natural amino acid. On treatment with 
2 : 4-dinitrofluorobenzene the N-2 : 4-dinitrophenyl-derivative was 
obtained. Its infra-red spectrum in acetonitrile-chloroform was 
identical with that of the analogous derivative from natural felinine. 

Felinine undergoes an interesting decomposition on heating with 
5N-hydrochloric acid at 105°C. The products are cystine, a small 
amount of a volatile oil, unchanged felinine and a new amino acid 
C,,H,.0,N.S, which on paper chromatography formed a ninhydrin 
spot in the alanine region. Natural felinine behaved in the same 
way. This decomposition of felinine by acid was noticed by Westall"® 
but was not studied in detail. Trippett suggests the structure 
COOH-CH(NH,)-CH,-S-CH,-CH,-C(CH,).-S- CH,- CH(NH,) - 
COOH for the new amino acid. It may be formed by the interaction 
of felinine with cysteine resulting from its own decomposition. 


THE OCCURRENCE OF DERIVATIVES OF THIOPHEN 
IN NATURE 


PYROGENIC FORMATION OF THIOPHEN AND RELATED COMPOUNDS 


Since the original isolation of thiophen from coal-tar benzene by 
Victor Meyer"? in 1882 much research has been carried out, 
especially since 1914, on the formation of this compound and its 
derivatives. This work is so well-known that only a few key references 
need be given!8-125, | 
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It has long been known that by passing thiophen through a hot 
tube a mixture of isomeric dithienyls, e.g. (XI) is formed which can 
be partially separated by crystallization!2®, 

During a study of the isomeric thiophthens!22124 formed by the 
action of acetylene on boiling sulphur attention was paid to the 
fractions boiling higher than the thiophthens. That of b.p. 120° 
140°C at 15 mm. deposited a pale yellow solid. On distillation in 
steam and crystallization the m.p. was 98°-104°C. It did not form 
a picrate and was shown to be a mixture of isomeric dithienyls!2’. 

Polythienyls containing from 2-6 thienyl residues linked pre- 
sumably on the a-positions have been obtained from a-iodothiophen 
and metallic copper, free radicals being involved in the synthesis!28, 


Natural Polyacetylene Derivatives, Possible Sources of Thiophen Compounds 
in Nature 

The work described above was regarded at the time as having a 
purely experimental and theoretical interest. It was most surprising 
therefore that in 1947 Sease and Zechmeister!”® isolated a-terthieny] 
(XII) from a methanol extract of the flowers of the Indian marigold 
( Tagetes erecta, Nat. Order Compositae). It was separated by chroma- 
tographic adsorption from petroleum ether first on a column of 
calcium hydroxide and then on alumina, followed by elution with 
ether. The compound is a solid of m.p. 94°-95-5°C, with a blue 
fluorescence. 

Until this discovery the only thiophen derivative which had been 
found in nature was the growth factor known as biotin which consists 
of a tetrahydrothiophen nucleus carrying a —(CH,),COOH side 
chain and condensed in the 3: 4 position with a urea residue 
(XIII). 

NH— CH—CH, 
vo oon Ts 
ae at 


NH—CH— CH— (CH,), COOH 
(XI) (XII) (XIII) 


Many members of the Compositae contain polyacetylene deriva- 
tives e.g. Sorensen and Stene isolated the diolefinic diacetylene 
CH,:-CH : CH-C: C.-C : C-CH : CH-CO-O-CH, from Mairicaria 
inodora a plant closely allied to the common camomile’*®, The 
corresponding dihydro-derivative CH,;-CH,-CH,-C : C-C : C-CH: 
CH.CO-O-CH, occurs in Lachnophyllum gossypinum, Carlina oxide 
(benzyl-2-furyl-acetylene) is found in the oil obtained from the 
roots of Carlina acaulis (Circium acaulos)'**. 
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The author pointed out!** that it may be more than a coincidence 
that the only instance so far recorded of the occurrence of a true 
thiophen derivative in plants should be found in a family, so many 
members of which contain polyacetylenes. He suggested that 
a-terthienyl may be formed by interaction of hydrogen sulphide 
(possibly arising from cysteine) with a straight chain compound 
containing an acetylenic or an acetylenic-olefinic system, possibly 
also some methylene groups, as in the dihydro compound cited on 
p- 66. Oxidation, decarboxylation or dehydrogenation might also be 
involved. Possibly a long chain paraffin or fatty acid might serve 
equally well as the starting point. Ring closure would, however, 
undoubtedly be facilitated by the presence of olefinic and acetylenic 
linkages. 

The suggested mechanism may be represented by some such 
scheme as the following: 


Re C— Ua 
3 C-—€ _ €—cC 


2) S S 


Nevertheless polyacetylenes are not confined to the Compositae, e.g. 
tariric acid CH;(CH,),,C : C-(GH,),COOH occurs as a glyceride 
in the fruits of varieties of Picramnia and erythrogenic acid, which can 
be isolated from the seeds of Ungokea klaineana, Pierre has the structure 
CH, : CH-C : C-(CH,),C: C-(CH,),,;COOH or possibly’ CH, : 
CH-(CH,),C : C-C: C-(CH,),COOH. Both the heterocyclic ring 
and the —(CH,),COOH side-chain of biotin may arise from an acid 
of this type. S6rensen refers to an ester which is a dehydro-derivative 
of the ester previously isolated from the root of Matricaria inodora 
(the scentless mayweed)—see p. 65. This is spectrally closely 
related to CH;-C: C.-C: C.-C: C-CH : CH-COOCH, which has 
been synthesized. Another triacetylenic ester occurs in the root of 
Artemisia vulgaris along with a ketone and a hydrocarbon both 
containing three adjacent acetylene linkages!®4, The natural oc- 
currence of these polyacetylenes with so low a content of hydrogen 
affords some further support to the suggestion as to the origin of the 
a-terthienyl of Tagetes erecta put forward above, and possibly 
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simplifies the assumptions involved. Polyacetylene derivatives have 
recently been isolated by Lythgoe and his co-workers!35.136 from the 


Umbelliferae. 


THE OCCURRENCE OF AN ACETYLENIC DERIVATIVE OF THIOPHEN 
IN A WOOD-DESTROYING FUNGUS 


The suggestion! as to the biogenesis of a-terthienyl was put forward 
in 1953. Two years later Birkinshaw and Chaplen?®’ described their 
work on some metabolic products of the wood-destroying fungus 
Daedalena juniperina, Murr. which infests the East African cedar 
Juniperus procera Hochst. 

This fungus was grown mainly upon a medium containing glucose, 
inorganic salts and a trace of ‘Marmite’ as a source of vitamin By». 
The contents of the culture flasks were distilled in steam. Extraction 
of the distillate with ether yielded an oil which, with light petroleum 
gave a crystalline compound C,H,OS. This exhibited aldehyde 
reactions and formed a 2 : 4-dinitrophenylhydrazone. 

It was oxidized by aqueous alkaline potassium mercuric iodide (the 
Doeuvre reagent) to a monobasic acid C,H;S-COOH. The original 
aldehyde was named junipal and the formula C,H,S-CHO assigned 
to it. The methyl ester of the monobasic acid (juniperic acid) with 
cold potassium permanganate gave the monomethyl ester of a 


dibasic acid GEIS} cooc The corresponding dimethyl ester 


COOCH, 
was identical with the dimethyl ester of thiophen-2 : 5-dicarboxylic 
acid (XIV) synthesized for comparison. Oxidation of juniperic acid 
by potassium permanganate in acetone gave the free thiophen-2 : 5- 
dicarboxylic acid. The second carboxyl group must have arisen 
from the oxidation ofa C,H, group in juniperic acid or its methy] ester. 
A Kuhn-Roth oxidation showed junipal to contain one CH;—C 
group. Consequently the C,H, side-chain must be CH;C = C—. 
The presence of an acetylenic linking was confirmed by infra-red 
spectroscopy. Junipal has therefore the constitution (XV). 


cxoocl Jeooct, cn,c=cl Jeno 
S S 


(XIV) (XV) 


Birkinshaw and Chaplen refer to the suggestion of Challenger and 
Holmes!*, that the a-terthienyl of Tageles erecta arises from an acety- 
lene derivative. They remark: ‘this hypothesis is considerably 
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strengthened by the isolation of junipal as a product of fungal 
metabolism, since both the acetylenic linkage and the thiophen 
nucleus are present in the same molecule.’ 

They also point out that derivatives of acetylene occur among the 
metabolic products of fungi. Several very unstable substances 
isolated from Basidiomycetes were recognized through their ultra- 
violet absorption spectra as acetylenic derivatives'**.1°. Celmer and 
Solomons!° have shown that the crystalline antibiotic mycomycin 
isolated from an Actinomycete by Johnson and Burdon™? is 3 : 5 : 
7 : 8-tridecatetraene-10 : 12- diynoic acid. 


ix Miss H 
HC =Cc-C =C:.CH = C= CH-C = C.G — €-CH, COOH 
i 


A summary of some of the earlier work on natural derivatives of 
acetylene has been published by Birkinshaw!?. We may look 
forward with some confidence to the detection of other derivatives 
of thiophen in natural products. 
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THE SULPHUR COMPOUNDS OF PETROLEUM 
AND OTHER MINERAL OILS 


Some broad definition of the term ‘mineral oils’ is desirable at the 
outset. In its widest sense, the term includes all oils which have been 
produced by the action of heat on organic matter, whether this heat 
has been applied naturally during geological changes, as in the 
formation of petroleum (where the effect of pressure has also to be 
considered) or in modern technical processes such as the distillation 
of coal, oil-shale, lignite or peat. In this chapter the term mineral 
oil will therefore be interpreted broadly. 

Much work has been carried out during the last sixty years on the 
ingredients of mineral oils! and it is clear that the sulphur compounds 
which these oils contain are of very similar types, although the 
proportions in which each type is present may vary considerably. 
Consequently it is not possible to separate the study of one kind of 
mineral oil from that of another. Thiophen (I), for example, and 
its 2-methyl derivative (II) occur in certain petroleums and also in 
distillates from coal-tar, shale and lignite’. 

Between 1891 and 1906 Mabery?)? extracted various fractions of 
American petroleum with sulphuric acid and isolated dimethyl-, 
diethyl- and di-n-butyl sulphides by dilution of the resulting ‘acid 
sludge’ with water. The dilution of ‘acid sludge’ obtained during 
the refining of petroleum distillates will frequently be mentioned. 
The liberation of sulphides by this process depends on the hydrolysis 
of the sulphonium hydrogen sulphates of various open-chain and 


+ ma 
cyclic saturated sulphides, e.g. [R,SH]-0-SO,OH, which are 
formed by co-ordination of the hydrogen ion of sulphuric acid by 
the unshared electrons of the sulphur atom. These sulphonium 
salts are stable in strong sulphuric acid but not in the dilute acid. 
The solubility of ether which forms an oxonium sulphate and of 
diethyl sulphide in sulphuric acid, accompanied by loss of odour 
and reappearance on dilution, is well known. 

Thierry* in 1925 obtained results similar to those of Mabery. By 
dilution of an acid sludge from a Persian petroleum he isolated 
methy! ethyl sulphide, tetrahydrothiophen (tetramethylene sulphide 
or thiacyclopentane) (III) and pentamethylene sulphide (or 
thiacyclohexane) (IV). These compounds were identified by the 
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or ae 
formation of derivatives such as the mercurichloride, R,S-HgCl, 
(V), the mercuri-iodide, the sulphone, the methylsulphonium 
chloride and iodide and the methylsulphonium mercuri-iodide, 


== > —s ee 
[R,S-CH,] Hel, or [R,S-CH,].Hel,. 

About the same time Birch and Norris® detected ethyl-, isopropyl 
and isoamyl mercaptans in a low-boiling fraction of Persian oil. The 
oil was washed with sodium hydroxide, and the alkaline extract 
separated, and slowly distilled. Hydrolysis of the sodium mercap- 
tides R-S-Na occurred and an oil came over from which mercaptans 
were removed by alkali; the alkaline extract was acidified and the 
mercaptans fractionated. The isopropyl mercaptan was characterized 
as the mercury derivative, (CH,),CH-S-Hg-S-CH(CHs)., as the 
chloromercury compound, (CH,),CH-S-HgCl, obtained with 
mercuric oxide and mercuric chloride respectively, and as f-nitro- 
benzyl isopropyl sulphide, NO,:C,H,-CH,-S:CH(CH3).. These 
mercaptans were oxidized by nitric acid to the sulphonic acids and 
analysed as the barium salts. /sobutyl mercaptan also yielded a 
chloromercury derivative, (CH ,),CH-CH,-S-HgCl. 

This investigation, the first of a long series of researches by Birch 
on the organic sulphur compounds of petroleum, is still in progress 
and has added greatly to our knowledge of these compounds. 


Mabery’s Thiophanes from Canadian Oil 


Mabery*, who was a pioneer in the study of the sulphur com- 
pounds of petroleum, had also examined many years previously a 
large number of compounds of the general formula C,,H,,S separated 
from the ‘acid sludge’ from Canadian petroleum. These he called 
thiophanes but did not prove that they contained the thiophane 
(tetrahydrothiophen, III) ring system. 

The oil so obtained was repeatedly distilled and the fractions 
separately heated with alcoholic mercuric chloride solution in order 
to precipitate the sulphur compounds as co-ordinated addition 
compounds of type (V) and leave most hydrocarbons unattacked. 
The viscous precipitates were then decomposed with hydrogen 
sulphide to regenerate the sulphur compound. Apparently this did 
not cause any complication due to the formation of new sulphur 
linkages arising from the hydrogen sulphide. In general, however, 
treatment of unknown sulphur compounds with hydrogen sulphide 
is to be avoided wherever possible. Co-ordination compounds of 
type (V) can usually be decomposed by alkali or dilute acid and 
even if the mercury has entered an aromatic or heterocyclic nucleus 
by mercuration (VI, VII), hot dilute acid will regenerate the parent 


74 


SULPHUR COMPOUNDS OF COAL TAR 


compound. Most organic sulphides, including thiophen derivatives, 
are stable to hot dilute acids and alkali. 

Mabery’s regenerated sulphur compounds were separately 
fractionated and products obtained which, from the b.p., the sulphur 
content and the molecular refraction, he regarded as homogeneous. 
This was probably true in some but not in all cases. Mabery’s 
sulphides C,H,,S had many of the properties of the dialkyl] sulphides, 
R,S (R = C,H,,,,) and formed sulphones C,H,,SO,, methiodides, 


~ = 
[C,H,,S-CH,|1, and combined with mercuric chloride. Their 


densities were, however, higher than those of the dialkyl sulphides 
but the sulphides were certainly not homologues of thiophen. 
Mabery regarded them as polymethylene sulphides containing five, 
six or seven methylene groups either unsubstituted or containing 
numerous or long side-chains. Apart from Victor Meyer’s classical 
work on the occurrence of thiophen and its homologues in coal tar 
this was almost the first systematic study of the sulphur compounds 
occurring in mineral oils and it was not until after 1920 that any 
further considerable work was carried out on this subject. 


THE SULPHUR COMPOUNDS OF COAL TAR, LIGNITE TAR 
AND SHALE OIL 


The next advances came from investigations of the oils obtained by 
distillation of coal, oil-shale and lignite. 


Coal Tar and Lignite Tar 


Boes? obtained thionaphthen (VIII) and diphenylene sulphide 
(2 : 3-benzothionaphthen IX) from lignite tar and coal tar respec- 
tively and Weissgerber and Kriber® found both of them in coal tar. 
They isolated both compounds as the sulphone, and the thionaphthen 
also as the picrate and the mercurated derivative naphthienyl 
mercury acetate. Kriiber® several years later isolated 6 : 7-benzo- 
thionaphthen (X), and 4 : 5-benzothionaphthen (XI) from coal tar. 
The synthesis of these compounds has recently been reported by 
Carruthers!®. He has also described" the isolation of 1 : 8-dimethyl 
diphenylene sulphide (XII) from a fraction of Kuwait oil of b.p. 
330°-350°C by distillation under reduced pressure, removal of 
aromatic compounds by extraction with furfuraldehyde, formation 
of the picrate, decomposition with sodium hydroxide and separation 
on a column of alumina. Its ultra-violet spectrum supports the 
suggested structure (XII). Like 1-methyldiphenylene sulphide it is 
not desulphurized by Raney nickel, probably due to the presence ofa 
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substituent or substituents in close proximity to the sulphur atom. It 
is identical with a product isolated from coal tar by Kriiber and 
Raeithel!2 which was also inert to Raney nickel. 


Low Temperature Coal Tar Distillates 

In 1927 Weissgerber!? examined low-temperature tar obtained by 
distillation of coal in a rotating furnace. The fraction of b.p. 187°— 
201°C was first freed from coumarones and indenes with 2 per cent 
of sulphuric acid and was then extracted with 90 per cent sulphuric 
acid at 15°-20°C. The separated acid on dilution with water gave 
an oil. Ketones were removed from this by phenylhydrazine and 
nitriles by hot sodium hydroxide. The residual oil was systematically 
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treated with sulphuric acid whereby some insoluble hydrocarbons 
were removed. The remainder was precipitated from the acid by 
water and represented 0-76 per cent of the original oil. Its density 
was very high (0-96), its b.p. 190°-200°C, its odour rather unpleasant 
and the sulphur content in different fractions 16 to 19 per cent. 
Alkyl sulphates (so often produced during the refining of hydro- 
carbons containing olefines) and thiols were shown to be absent 
and the usual tests for sulphides failed. The stability to sulphuric 
acid pointed to the presence of tetra-substituted thiophen derivatives; 
oxidizing agents gave sulphuric acid and no nuclear mercurichloride 
could be obtained, i.e. no mercuration was possible, this being 
further evidence of the absence of nuclear hydrogen atoms. 

Tetramethy!thiophen (XIII) was not available for comparison 
but dimethyldiethylthiophen was specially prepared. It boiled at 
214°-217°C, had density 0-9573, was soluble without change in 
sulphuric acid and gave sulphuric acid on oxidation. 

Weissgerber showed that 2 : 4-dimethylthiophen gave thiophen 
and methylthiophens on passage through a heated tin-lined iron 
tube. Application of this method of pyrolysis to the supposed 
tetramethylthiophen, at 650°-675°C, gave a mixture in which 
thiophen (as tetrabromo-derivative), l-methylthiophen and 2: 3- 
dimethylthiophen (as mercurichloride compounds) were identified. 
A mercurichloride apparently derived from trimethylthiophen was 
also isolated. These mercurichlorides contained a C—HgCl linkage, 
being obtained by substitution of a hydrogen of the thiophen nucleus. 

The identification of the stable sulphur compound as tetra- 
methylthiophen appears, therefore, to be justified. Many years later 
Birch! described the isolation of tetramethylthiophen and of 
2 : 3 : 4-trimethyl-5-ethylthiophen from an ‘acid sludge’ obtained 
in the refining of a Persian oil (see p. 82). 


Shale Oil 

Scheibler™ in 1915 detected what appeared to bea propylthiophen 
in shale oil from the Tyrol and the South of France, though the 
possibility that the compound might be a trimethyl- or a methyl- 
ethylthiophen was not excluded. Pfaff and Kreutzer! then identified 
2-methylthiophen in lignite oil. These substituted thiophens were 
isolated as the methylketones obtained by the Friedel—Crafts 
reaction. The author and his students'®1? then showed that 
thiophen, 2-methylthiophen, 2-ethylthiophen, 2 : 3-dimethylthio- 
phen, tetrahydrothiophen and thionaphthen were present in the 
Kimmeridge shale oil of Dorset. 

The thionaphthen was detected in the fraction of b.p. 210° 230°C 
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Picric acid yielded a crude picrate which on decomposition with 
alkali gave an oil. On boiling with methylalcoholic mercuric 
acetate this gave a solid mercurated derivative which with acid again 
liberated an oil. This, with hydrogen peroxide, yielded thionaphthen 
sulphone (XIV). 

The thiophen and its homologues were separated from appropriate 
fractions of the steam distillate from the crude Kimmeridge oil by 
treatment with aqueous mercuric acetate, when nuclear mercura- 
tion occurred. When separated and demercurated by distillation 
with hydrochloric acid these solids yielded oils which, by fractional 
distillation, fractional crystallization of the mercurichlorides to 
constant m.p. (nuclear mercuration, e.g. CH,CH,-C,H,S-HgCl) 
and final decomposition with acid, yielded the pure thiophen 
homologues. Dodonow and_ Sochestwenskaja‘* also detected 
thiophen, 2-methylthiophen and 2: 3-dimethylthiophen in a 
Russian shale oil by very similar methods. 

The tetrahydrothiophen (tetramethylene sulphide) in the 
Kimmeridge shale oil was detected in the aqueous filtrate from the 
mercuric acetate precipitate (see above), where it was present as a 
soluble co-ordinated mercuriacetate. Addition of common salt to 
this filtrate gave an insoluble, co-ordinated mercuric chloride addition 
product. With alkali this liberated the cyclic sulphide which was 
then characterized as the sulphone, as the mercuric chloride addition 


4 — 

product (CyH,S—HgCl,) and as the methiodide. Higher fractions of 
the steam distillate contained analogous, presumably homologous, 
sulphides, which were, however, not identified. This process, 
depending on the differing behaviour of thiophen homologues and 
polymethylene sulphides (and also dialkyl sulphides) towards 
mercuric acetate and on the differing solubilities of the products, was 
clearly established as a method for separation of the two classes of 
compounds. Conversely by addition of aqueous mercuric chloride 
to the same mixture the thiophen derivative reacts very slowly (in 
absence of sodium acetate), whereas the polymethylene sulphide 
readily forms the insoluble co-ordinated mercuric chloride addition 
product (V). By this method the presence of tetrahydrothiophen in 
the fraction of b.p. 109°-117°C was confirmed. 


DEVELOPMENT OF THE MERCURIC ACETATE METHOD FOR 
THE SEPARATION OF ORGANIC SULPHIDES 


The mercuric acetate method of separation of thiophens and cyclic 
sulphides is fully described in a comprehensive publication by Birch 
and McAllan!*, who have considerably developed the process and 
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find it to be of very general application. Their independent dis- 
covery of this method dates back to 1924 and was simultaneous 
with, or even somewhat prior to, its use by the author!?. Extraction 
of a sulphide fraction with aqueous mercuric acetate can also 
separate dialkyl sulphides from cyclic sulphides, the latter being 
preferentially extracted. In some, but not all cases, mixtures of 
cyclic sulphides (but not mixtures of dialkyl sulphides) can also be 
separated in this way. 


Separation of Open-chain and Cyclic Sulphides 


Birch and McAllan give details of the separation of an equi- 
molecular mixture of ethyl n-propyl sulphide (16 g.) n° = 1-4461 
and tetrahydrothiophen (thiacyclopentane, 13 g.) ni = 1-5047. The 
light petroleum solution of the sulphides was washed with mercuric 
acetate solution in batches (20 per cent of an equimolecular equiva- 
lent) until no further precipitate was obtained on addition of sodium 
chloride. ‘The separate precipitates were refluxed with dilute acid, 
and the sulphide from each was dried and filtered. The total sulphide 
recovery (23 g.) was 80 per cent. The refractive index of the mixture 
was 1-4691; that of each of 5 successive regenerated sulphides 
1-4961, 1-4804, 1-4519, 1-4469 and 1-4463. It is clear that a consider- 
able separation had been effected and that the tetrahydrothiophen 
reacted more quickly than the open chain sulphide. 

Similar results were obtained with a mixture of ethyl-n-butyl 
sulphide and tetrahydrothiophen. Application of this method to an 
unknown sulphide fraction of b.p. 141°C and n? = 1-4930 obtained 
from a ‘sulphuric acid sludge’ from a Persian oil, enabled penta- 
methylene sulphide [thiacyclohexane (IV)] to be separated in two 
fractions n” = 1-5050 and 1-5040. Thiacyclohexane has b.p. 
141-6°C and n? = 1-5067. 

When the sulphides were removed by mercuric acetate from a 
light petroleum solution of another sulphide fraction from the same 
sludge the residual solution yielded on evaporation methyl-n-amy] 
ketone, CH,-CO-(CH,),CH;. Birch suggests that ketones in 
petroleum oils might possibly be formed from thioketones R,C : 5. 


Separation of Different Cyclic Sulphides 

Birch and McAllan also separated thiacyclopentane from its 
3-methy! derivative in light petroleum solution by mercuric acetate. 
The recovery was 80 per cent. The refractive indexes of the two 
sulphides are n? = 1-5047 and 1.4924. Five successive regener- 
ated sulphide fractions had n® — 1.5004, 1-4984, 1-4954, 1-4926 


20 


and 1-4924. The original mixture had 7, = 1-4982. 
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Thiacyclohexane was also separated from admixture with 3-methyl- 
thiacyclopentane by the same process. 

The difference in the behaviour to aqueous mercuric acetate of 
thiophen and tetrahydrothiophen (or dialkyl sulphides, which 
closely resemble the cyclic sulphides) to take the simplest example— 
is only a single instance of the fundamental change in properties 
which accompanies the hydrogenation of a ring system of aromatic 
type. Tetrahydrothiophen (tetramethylene sulphide) forms a 
methiodide, a mercurichloride (co-ordinated) and a sulphone, and 
has an unpleasant odour. Thiophen smells rather like benzene and 
does not form compounds of the first two types. Its sulphone is 
extremely unstable2°. The well-known indophenin reaction is given 
by thiophen and its incompletely substituted homologues, but not 
by their hydrogenated derivatives. 


BEHAVIOUR OF THIONAPHTHEN AND ITS 2: 3-DIHYDRODERIVATIVE 
WITH MERCURIC ACETATE 


The behaviour of thionaphthen and its dihydroderivative (XV) in 
Birch and McAllan’s experiments is of interest. Thionaphthen is a 
thiophen derivative of aromatic type and would not be expected to 
form co-ordinated compounds with mercuric acetate, but rather to 
undergo mercuration in the thiophen nucleus. This was shown by 
Weissgerber and Kriiber® and by Challenger and Miller?! to occur 
slowly in cold methylalcoholic solution giving the mono-mercuri- 
acetate and some dimercuriacetate, which was readily produced with 
the boiling reagent. The mono-mercurated compound has the 
structure (XVI), mercuration occurring in position 3 (S = 1) and 
following the normal course of electrophilic substitution in thio- 
naphthen. 

In agreement with these considerations Birch and McAllan found 
that thionaphthen was not removed from solution in light petroleum 
by aqueous mercuric acetate but was recovered unchanged. 2 : 3- 
dihydrothionaphthen, however, in which the hydrogenated thiophen 
ring has no aromatic properties but resembles a cyclic sulphide, is 
slowly removed by mercuric acetate, presumably as a co-ordinated 
compound though only to the extent of 40 per cent. 


DISULPHIDES AND AQUEOUS MERCURIC ACETATE. SEPARATION FROM 
OPEN-CHAIN MONOSULPHIDES 


Since disulphides occur in petroleum distillates, especially when 
mercaptans are also present, Birch and McAllan examined the 
behaviour of diethyl disulphide to aqueous mercuric acetate. On 
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washing its solution in light petroleum six times with the mercuric 
salt 50 per cent of the disulphide remained in the solvent. The 
extracts gave precipitates with sodium chloride which were refluxed 
with dilute hydrochloric acid giving ethanethiol. The precipitates 
were regarded by Birch and McAllan as chloromercury ethanethiol, 
C,H;-S-HgCl, derived from the corresponding soluble acetate 
C,H;-S-HgO-COCH3. The reaction is clearly analogous to that of 
mercuric chloride on dialkyl disulphides R-S-S-R which was shown 
by the author with Rawlings”? and Blackburn? (see p. 15), to give 
R-S:HgCl, R-S-HgCl-HgCl, and R-SO,H (see Chapter 1, p. 18). 
The structure of the second compound is probably C,H;-S-HgCl. 
HegCl, 
The molecule of mercuric chloride is presumably co-ordinated as it 
is lost on boiling with water, giving C,H;:S-HgCl in which the 
mercury is firmly fixed. This compound re-combines with mercuric 
chloride when shaken with excess of the reagent. 

The reaction of diethyl disulphide with mercuric acetate gives a 
soluble mercury compound. Birch and McAllan showed that this 
method afforded a separation of diethyl disulphide and ethyl 
isobutyl sulphide. After 3 extractions of the mixture with aqueous 
mercuric acetate 83 per cent of the disulphide was recovered from 
the light petroleum used as solvent. Acidification and distillation of 
the extracts gave slightly impure ethyl zsobutyl sulphide. 


BEHAVIOUR OF TRISULPHIDES WITH AQUEOUS MERCURIC ACETATE 


Diethyl trisulphide, C,H,-S-S-S-C,H,, in light petroleum reacted very 
slowly on extraction with aqueous mercuric acetate and about 85 per 
cent was recovered unchanged. A white solid separated in small 
amount and from this, and the aqueous extracts, traces of ethanethiol 
were obtained on acidification. Challenger and Blackburn?’ found 
that dimethy] trisulphide and aqueous mercuric chloride slowly gave 
a mixture of chloromercurymethanethiol, CH,-S-HgCl, containing 
some co-ordinated mercuric chloride and a compound of mercuric 
sulphide and mercuric chloride, probably HgCl,-2HgS. Probably 
fission occurred on either side of the central sulphur atom of the 
trisulphide group, assuming the structure CH3-S-S-S-CH, for 
dimethyl trisulphide. The results of Birch and McAllan with 
mercuric acetate appear very similar. Their ‘white precipitate’ may 
have contained a double compound of mercuric sulphide and 
mercuric acetate as well as a mercury derivative of ethanethiol. 

Di-n-butyl tetrasulphide, CH,-(CH,)3-S-S-S-S-(CHg,)3-CH3, was 
unaffected by Birch and McAllan’s procedure. 

8] 


SULPHUR COMPOUNDS OF PETROLEUM 


SULPHUR COMPOUNDS IN ‘SULPHURIC ACID SLUDGE’ OBTAINED 
FROM A PERSIAN OIL 


By the use of the mercuric acetate method for the separation of 
organic sulphides very interesting results were obtained by Birch”. 
He studied the sulphur compounds in the sludge produced during 
the refining with sulphuric acid of a liquid sulphur dioxide extract 
of the kerosene fraction (b.p. 180°-250°C) of Agha Jari (Persian) 
oil. Dilution of the sludge gave a mixture of sulphides which on 
repeated fractionation yielded several mixtures of compounds of 
similar boiling point. 

Fractional extraction with aqueous mercuric acetate left two 
tetra-substituted thiophens (2 : 3 : 4 : 5-tetramethylthiophen and 
2:3: 4-trimethyl-5-ethylthiophen) unattacked and removed two 
trialkylthiophens as C-mercurated compounds which were soluble 
in the oil. After separation these were decomposed by hydro- 
chloric acid yielding 2 : 3 : 4-trimethylthiophen, and 2: 3- 
dimethyl-4-ethylthiophen. The mercuriacetates of these compounds 
had the structures (XVII) and (XVIII). 


CH, 
Che cre : CH,CH,,—,CH3 ie : 
CH3CO-0-HgN cH; 9" CH;CO-0-Hg CH; a y 
3 se CH2 
(XVII) (XVII) (XIX ) 


The mercuric acetate treatment also effected a partial separation of 
a few open-chain sulphides. The main bulk, however, consisted of 
cyclic sulphides which were identified, usually without separation, 
by an ingenious combination of modern organic- and physico- 
chemical operations. Treatment with Raney nickel eliminated the 
sulphur as nickel sulphide and completely hydrogenated the carbon 
atoms previously attached to it. Thus, a compound R-S-R’ gave 
RH + NiS + R’H, whereas a cyclic sulphide (XIX) gave 
CH;(CH,),CH,; + NiS. The resulting hydrocarbon or mixture of 
hydrocarbons was then fractionated, if necessary with a micro- 
column, and the compounds identified spectroscopically. The 
constitution of the parent sulphides could often be readily deduced. 
Birch gives a list of fifteen monocyclic sulphides which he identified 
in Agha Jari oil, usually by the Raney nickel procedure. Among 
them are tetramethylene sulphide (thiacyclopentane), its 2- and 3- 
methyl derivatives, pentamethylene sulphide and its 2-, 3- and 
4-methyl compounds. The presence of the last four compounds in 
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Canadian oil was suggested by Mabery. None of Birch and Mc- 
Allan’s sulphides contained ring systems larger than pentamethylene 
sulphide (thiacyclohexane). In the case of five of the sulphides it 
was uncertain whether the ring system was thiacyclopentane or 
thiacyclohexane containing in each case alkyl substituents. 

Certain higher fractions appeared to be almost homogeneous and 
with Raney nickel they gave substituted cyclopentanes and cyclo- 
hexanes. It was concluded that these hydrocarbons had arisen from 
bicyclic sulphides containing fused five- and six-membered poly- 
methylene rings, a conclusion already rendered probable by the 
high boiling point and refractive index of the original sulphide 
fractions. Four alkylcyclopentanes—the ethyl, n-propyl, 7so-propyl 
and sec-butyl-derivatives—and also ethylcyclohexane were obtained 
by desulphurization with nickel. These could have arisen from eight 
different bicyclic sulphides; thus a compound of structure (XX) 


Hc’ CHT me 
| CH2 
H2C CHee 


(XX) 


would yield ethylcyclohexane. Birch remarks that ‘complete 
identification of these bicyclic compounds was not easy, as the 
parent sulphur compound could rarely be obtained in a sufficiently 
pure state, with the result that the hydrocarbons obtained by 
desulphurization were mixtures of naphthenes difficult to analyse. 
Identification was rendered more difficult by the presence of geo- 
metrical isomers, few of which, particularly di-substituted cyclo- 
pentanes, were available for comparison. Yet a further complication 
was the possibility that, during desulphurization, ring expansion, 
which almost invariably takes place when the cyclopentylmethyl 
radical is involved, had occurred’. 


\ / ae 
a emarat g och: 


Birch found, however, that desulphurization of compounds such as 
dicyclopentylmethy] sulphide (XXI) and cis- and trans-2-thiadecalin 
(cis- and trans-2-thiadecahydronaphthalene XXII, XXIII) provided 


83 


SULPHUR COMPOUNDS OF PETROLEUM 


no evidence that isomerization involving ring expansion or cis/trans 
rearrangement occurs under the conditions employed. 


ik, Samah Jone CH2 
(CH-CH,-S-CH,°CH 
CH,—CH2 CH2—— CH, 
(XXI) 
CH,—CH ——Chz 
Oo: GOO. [eed 
S ie a 
2 CH,—CH ——-CH, 
( XXII ) ( XXIII) (XXIV ) 


Birch refers to the probability that bicyclic sulphides are present 
in which a cyclopentane ring is fused to a thiacyclopentane or thia- 
cyclohexane ring and that ring expansion occurs during their 
desulphurization. One such compound, 6-thia [1 : 2 : 3] -bicyclo- 
octane (XXIV), was prepared by Birch and Dean, see p. 90. Mass 
spectrographic examination of the high-boiling sulphides from a 
West Texas oil by Brown and Meyerson*4 also suggested the presence 
of bicyclic sulphides. 

Birch’s work gives an insight into the probable nature of many of 
Mabery’s ‘thiophanes’ which were also characterized by high 
density and refractive index. His views on their structure would 
appear to be partly correct. Mabery envisaged, however, the 
possible presence of heptamethylene sulphide but so far no single 
ring system containing sulphur and more than five atoms of carbon 
has been detected by Birch, a result which is in agreement with 
some work on a crude American petroleum, now to be described. 


THE SULPHUR COMPOUNDS OF THE CRUDE OIL OF WASSON, TEXAS 


The sulphur compounds in this oil were carefully examined and 
40 were isolated or detected by physico-chemical methods such as 
mass spectrography. They included many aliphatic mercaptans 
and sulphides and also tetra- and pentamethylene sulphides 
(thiacyclopentane and thiacyclohexane) and several of their methyl 
derivatives. Neither hexamethylene sulphide nor heptamethylene 
sulphide (thiacycloheptane and _ thiacyclooctane) were detected. 
Cyclopentanethiol and cyclohexanethiol were also present. 

These mass spectrographic studies of Wasson crude oil have 
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yielded other interesting results*®, The volatile ingredients were 
removed by heating to about 150°C and the ‘asphaltenes’ by 
subsequent extraction with pentane. The residual crude oil was 
chromatographed on alumina, and pentane, mixed amylenes, 
benzene, and benzene—methanol were used as developers. Nine 
fractions were so obtained varying in colour from water-white to 
black. The mass spectra afforded for the first time a picture of the 
sulphur compounds in a crude, undistilled oil, disturbing effects due 
to decomposition of the ingredients or to their reaction with sulphur 
or sulphur compounds being eliminated. The sulphur compounds 
represent 15 per cent of the crude oil of b.p. above 150°C and 65-80 
per cent of these compounds contain thiophen rings either alkylated 
or, more often, condensed with one or more aromatic rings. The 
remaining sulphur compounds are chiefly cyclic sulphides, mainly 
benzothiophens containing one, two, three or more aromatic rings. 
Here reference may be made to the work of Kriiber and of Car- 
ruthers on the isolation of benzothionaphthens from coal tar and 
Kuwait oil (see p. 75). 


T hiadamantane 

A remarkable volatile cyclic sulphide, C,H,,S, of high melting 
point was isolated by Birch™ during the fractionation of his sulphides. 
It formed a deposit at the top of the column and gave a sulphone and 
a mercurichloride. Desulphurization with Raney nickel yielded 
1 : 3: 3-bicyclononane (XXV) and it appears that the new 
sulphide is the tricyclic compound (XXVI) corresponding to the 
hydrocarbon adamantane (X XVII) isolated many years previously 
from a Yugoslavian naphtha?®, The name thiadamantane has 
been given to the new sulphide. No doubt much more will be heard 
of this compound in future and also of the parent adamantane?’. 


poy. CH2 yn, fear Bait ag CH eit 
CH——CH2—CH CH —/CH2— CH CH CH2—CH 
| x | CHe 
CH2——CHz—CH2 8 7 peer Bg mre 8 CHa—CH—CHs 
(XXV) (XXVI) (XXVIT) 


Cyclic Sulphides in Kuwait Oil 

In 1953 Emmott2® described a study of the sulphur compounds 
removed by liquid sulphur dioxide from middle (kerosene) distillates 
of Texas, Iraq and Kuwait oils. The sulphides of Kuwait oil were 
separated from hydrocarbons by aqueous mercuric acetate which, in 
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the case of the fractions of higher boiling point, was acidified with 
acetic acid, thereby increasing the ease of reaction. ‘The soluble 
mercury derivatives were decomposed by sodium sulphide and the 
liberated sulphides distilled in steam. Emmott showed that an 
alkyl sulphide of high molecular weight such as dicapry]! sulphide, 
(C,H, 3)oS, was readily extracted from its solution in kerosene by 
acidified mercuric acetate. Diphenyl sulphide was unaffected and 
phenyl ethyl sulphide, C,gH;-S-CH,CHs, was only partially and very 
slowly removed. The unshared electrons of aromatic sulphides are 
less reactive than those of their aliphatic or polymethylene analogues. 
Fractional distillation of the regenerated mixed sulphides, followed 
by attempted separation through their co-ordination compounds 
with mercuric chloride did not yield any pure compounds. The 
refractive indexes suggested that the sulphides consisted almost 
entirely of alkyl substituted cyclic sulphides. This conclusion was 
based on the observation that 3-n-butylpentamethylene sulphide 
possesses physical properties very similar to those of the lower 
sulphide fractions. The solubility of its mercurichloride in alcohol is, 
moreover, very similar to that of the mercurichlorides of the Kuwait 
sulphides investigated by Birch. The mercurichloride of penta- 
methylene sulphide, on the other hand, is almost insoluble in 
alcohol. In 1953, when Birch published his work, no pure compound 
of the alkylpolymethylene sulphide type had been isolated from 
petroleum. In 1954 the crude Wasson oil of Texas”® was shown to 
contain pentamethylene sulphide and its 2-, 3-, and 4-methyl 
derivatives, a result which strengthens Emmott’s conclusions. 

All the sulphur dioxide extracts of Emmott’s oil contained residual 
sulphides which were not removed by mercuric acetate nor ad- 
sorbed on silica gel or alumina. Their refractive indexes suggested 
the presence of bicyclic compounds, as in Birch’s experiments, but no 
homogeneous product was isolated. Emmott’s results are very 
similar to Mabery’s and, though less comprehensive, to those of 
Birch. In all three cases the mixture of sulphides was non-separable 
by distillation. 


Isolation of Thionaphthen from a Crude Petroleum 


‘Thionaphthen was not separated from petroleum until 1956 when 
Richter et al.?8* obtained it from the crude oil of Santa Maria. The 
oil was distilled through a nine ft. column and the fraction of b.p. 
104°—134°C at 50 mm. collected. Bases and phenols were removed 
as usual and the purified distillate passed through silica gel moistened 
with pentane under nitrogen. The column was then eluted with 
methyl alcohol and the eluate treated with common salt and 
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extracted with pentane. This on evaporation left an oil which was 
fractionated. The appropriate portion was treated with picric acid 
when a deposit was formed. This, on decomposition with alkali, gave 
an oil which on mercuration gave a mercuriacetate, thereby remov- 
ing much naphthalene. Decomposition of the mercuration product 
with acid gave thionaphthen, which was recognized by its m.p. and 
infra-red spectrum. 

The picrates of thionaphthen and naphthalene are isomorphous 
and, according to Meyer and Meyer?®», non-separable by crystalliza- 
tion. The solubilities of the two picrates in 25 per cent ethanol at 
30°C are 37 and 13 grams per litre respectively. In preliminary 
experiments it was found that addition of picric acid to an alcoholic 
solution containing | part of thionaphthen and 99 parts of naphtha- 
lene gave a 90 per cent recovery of thionaphthen whereas only 18 
per cent of naphthalene was precipitated. In the absence of naph- 
thalene 30 times as much thionaphthen would have been needed to 
secure the same recovery. In the separation just described the 
adsorption on the silica gei was carried out in nitrogen. During such 
operations, especially when dealing with reactive sulphur compounds 
containing either ethylenic or ‘aromatic’ double bonds, it is often 
desirable not only to exclude air, but also light. 


RECENT AMERICAN WORK ON. THE SULPHUR COMPOUNDS 
OF MINERAL OILS 


The researches of the American Petroleum Institute**?° and the 
United States Bureau of Mines, in the last 20 years, have greatly 
augmented our knowledge of the ingredients of mineral oils. The 
work of Kinney, Smith and Ball®! has added greatly to our detailed 
knowledge of the thiophen homologues in shale oil. Kinney and 
Cook* describe a method for the identification of aromatic hydro- 
carbons and thiophen homologues, in which mass spectral correla- 
tions are used for the recognition of structural groups in previously 
unknown compounds. The authors point out that the use of mass 
spectra in the qualitative identification of unknown compounds has 
ordinarily been limited to comparison of the spectra of the compounds 
with those of reference samples. They remark: ‘No prior mass 
spectral data for the unknown compounds are necessary for identi- 
fication.’ The fundamental relations on which the identification of 
unknown compounds is based were obtained from a consideration 
of the mass spectra of suitably chosen benzene and thiophen homo- 
logues. The available mass spectral data relating to thiophen and its 
homologues have been summarized by Hartough*’. 
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In devising a method for the identification of homologues of 
thiophen the authors have combined this technique with some 
chemical reactions of the unknown thiophen homologues, e.g. 
formation of nuclear mercuriacetates, 


on CH,°CO-O-Hg CH, CH, 
CH;CO-0:Hg CH, CH, CH; 
S S 


the desulphurization with Raney nickel giving alkyl-n-butanes, or 
the introduction of a —CHO group followed by reduction of this to 
—CH),. In this last method the position of the new methyl group is 
then determined by mass spectrography. Kinney and Cook can 
therefore identify any thiophen homologue with a molecular weight 
within the range 126 to 154 by determining the number of side 
chains and their relative positions in the nucleus. These results will 
greatly simplify the identification of the thiophen derivatives in shale 
oil fractions of high boiling point. 

Formation of mercuriacetates from thiophen homologues—The number of 
—Hg-O-CO-CH, groups which can be introduced into the nucleus 
of different types of thiophen homologues is shown below, where R is 
an alkyl group and ‘mono-’, “di-’, etc. indicate the type of mercurated 
derivative produced. The mercuration was carried out with 
mercuric acetate in aqueous 50 per cent acetic acid by a slight 
modification of the method of Steinkopf and Killingstad*4, and its 
general applicability tested with a number of thiophen homologues 
at 25° and 60°C. At 60°C all unsubstituted nuclear hydrogen 
atoms are replaced by the mercuriacetate residue. 


R R R 
Ue VU aU, VU 
S = = S 
25°Mono 25°Di 25°Di 25°Di 
60° Tri 60° Tri 60°Di 60° Di 
R R R R R 
Us Ur Us (Us 
ba, S S 
25°Mono 25°Mono 25°*Mono 25°Mono 
60°Di 60°Di 60*Mono 60°Mono 


At 25°C the reaction is allowed to proceed for 15 minutes only and 
the amount of mercuric acetate is 2 molecular proportions. At 60°C 
not more than the amount theoretically required to form a 
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tri-derivative is employed. Ifno solid separates at 60°C a fresh experi- 
ment with 2 molecular proportions is set up and if necessary a third, 
using only one. This procedure is desirable since some mono- 
mercuriacetates are soluble in excess of the reagent. Determination 
of mercury or sulphur will indicate the type of mercuriacetate which 
is formed. It will be noted that in the cases of the 2 : 3- and the 
2 : 4-dialkyl derivatives the extra substitution at 60°C is concerned 
with the 4- and the 3- positions respectively and, moreover, this 
method does not distinguish between these isomers. It is, therefore, 
necessary to desulphurize the thiophen derivative with Raney 
nickel and identify the resulting alkane by mass spectrography, e.g. 
2-methy]-3-ethylthiophen and 2-methyl-4-ethylthiophen would give 
CH,CH,-CH-(C,H;)-CH,-CH,; and CH,-CH,-CH,-CH-(C,H;)- 
CH, respectively. 

In order to distinguish between a 2:5- and a 3: 4-dialkyl 
thiophen a methyl group is introduced by first inserting a —CHO 
group and then reducing this to CH, as described below. Mass 
spectrographic examination of the resulting trisubstituted thiophen 
will show where the methy! group has been inserted and, therefore, 
whether the two free positions were adjacent to or remote from the 
sulphur atom. The formyl group is introduced into thiophen or its 
homologues by interaction with N-methylformanilide: 


Jats 
a A BD —_——_ 
al D Ma ate al Jeno «c,Hentcr, 


S S 


The reaction has been extensively studied by King and Nord**, who 
have also converted thiophen aldehydes to the corresponding 
methylthiophens by heating the semicarbazones with potassium 
hydroxide at 100°-250°C in nitrogen (the W olff—Kishner reaction*®). 

By these methods seventeen homologues of thiophen were 
identified in a fraction of Colorado shale oil of b.p. up to 210°C 
from which phenols and thiols had been removed by alkali and 
heterocyclic bases and some pyrroles by acid. The oil was then re- 
distilled and the fractions treated with 0-5N silver nitrate to remove 
any remaining thiols and with powdered mercurous nitrate to 
remove sulphides. Adsorption on ‘florisil’ followed by elution with 
pentane yielded first olefines and alkanes (which were neglected) 
and then a mixture of aromatic hydrocarbons and thiophen homo- 
logues which was distilled. Suitable fractions were treated with 
mercuric acetate in 50 per cent acetic acid at 60°C and the resulting 
solid mercurated compounds decomposed by hot acid, yielding 
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thiophen homologues which, after a second mercuration and decom- 
position with acid, usually contained less than 10 per cent of hydro- 
carbons. 

These were examined by mass spectrography and by one or more 
of the three chemical methods already described. Conclusions were 
usually checked by synthesis of the appropriate homologue and 
direct comparison by the mass spectrograph and by formation of 
derivatives. The m.p. of mercuriacetate or mercurichloride (formed 
from the mercuriacetate and hot aqueous sodium chloride— 
direct mercuration of thiophen homologues with mercuric chloride 
and sodium acetate buffer also yields the mercurichlorides) were 
frequently used as confirmation. Mixtures of thiophen homologues 
were sometimes separated by boiling the mercurichlorides with 
alcohol in which mono-derivatives are soluble but di-derivatives 
are not. 

The compounds identified by Kinney, Smith and Ball contained 
the methyl, ethyl, n-propyl, iso-propyl, n-butyl and sec-butyl groups 
and included several trialkylthiophens. Substitution in the 2- 
position was more frequently encountered than in the 3-position and 
2 : 5-di-derivatives predominated over other di-substituted homo- 
logues, and 2: 3: 5-derivatives over the 2: 3: 4 compounds, in 
agreement with the known preferential reactivity of the 2- and 5- 
positions in thiophen. 


THE COURSE OF DESULPHURIZATION BY RANEY NICKEL 


On p. 84 reference was made to the synthesis in Birch’s laboratory 
of a thiabicyclooctane (XXIV). It was during experiments on the 
desulphurization of this bicyclic sulphide with Raney nickel that 
conclusive evidence was first obtained that such a reaction can 
proceed abnormally. The synthesis of the sulphide may first be 
described briefly. 

Norbornylene, [2 : 2: 1]-bicycloheptene-2 (XXVIII), was ob- 
tained by the condensation of ethylene and cyclopentadiene at 
190°-200°C and 400 atmospheres. Oxidation of its solution in 
isooctane by aqueous sodium permanganate in a stream of CO,, to 
avoid too great alkalinity, gave cyclopentane cis-1 : 3-di-carboxylic 
acid (X XIX). This was esterified with ethanol and the diethyl ester 
reduced with lithium aluminium hydride in ether to cis-1 : 3- 
bishydroxymethyleyclopentane (XXX). When the di-p-toluene- 
sulphonyl derivative (XX XI) was heated with sodium sulphide in 
aqueous ethanol and the mixture then distilled a solid volatile 
sulphide was obtained. This was purified by formation of its 
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co-ordination compound with mercuric chloride and regeneration with 
dilute hydrochloric acid. 6-Thia-(1 : 2: 3)-bicyclooctane (XXXII 
and XXIV) is a wax-like solid with an odour resembling that of 
camphor, and melts at 174°—175°C. When left in alcoholic solution 
with excess of Raney nickel for 12 hours and then heated under 
reflux desulphurization occurred and a hydrocarbon C,H,, was 
obtained. This was saturated (the olefine content, by bromine 
titration, was less than 0-25 per cent) and from its physical properties 
and infra-red spectrum appeared to be identical with czs-1 : 3- 
dimethylcyclopentane (X XXIII). 





4 =—CH CH, ee Cho Ch COUR 
‘\ | 
‘CH, + | —. CH, = | M2 
an 7 COOH 
CH 2 CH, CH—CH ot pxek a eae 


Norbornylene 


(XXVIII) ( XXIX ) 
dl 
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CH, — CH —CH2 0H CH;— CH— CH, "0 "SO, °C Hy 
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Norbornylane 
( XXXII ) ( XXXII ) ( XXXIV ) 


Separation on a silica gel column gave fractions which all had 
a refractive index n2° = 1.4098, which was too high for that of 
pure cis-1 : 3-dimethylcyclopentane (n,;’ = 1.40894). Mass spectro- 
graphy detected the presence of a second hydrocarbon containing 
two atoms of hydrogen fewer. This was finally isolated by very 
efficient fractional distillation as a crystalline volatile solid which was 
identified as 1: 2: 2-bicycloheptane (norbornylane, XXXIV) by 
mass spectrographic examination, mixed m.p. and odour. The main 
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product of the reaction was, as expected, cis-1 : 3-dimethyleyelo- 
pentane, but about 5 per cent of impurity was present which caused a 
slightly higher refractive index. It was believed to be due to forma- 
tion of some trans-isomer during the desulphurization. 

The removal of sulphur from thiacyclohexane (pentamethylene 
sulphide) similarly yields pentane, but the reaction is slow and here 
again a small amount of cyclopentane is formed; the reaction is 
analogous to that observed with 6-thia-(1 : 2 : 3)-bicyclooctane. It 
appeared possible that the abnormal side-reactions in these desul- 
phurization experiments might be due to a deficiency of hydrogen in 
the Raney nickel so that the di-radical, presumably resulting from 
the loss of sulphur, underwent ring-closure instead of reduction. 
However, by using Raney nickel in which some of the occluded 
hydrogen had been removed by long boiling with alcohol, no 
increase in the yield of cyclopentane from thiacyclopentane was 
observed, though the formation of olefine was increased from 3 per 
cent to 1] per cent. Birch and Dean consider that the olefine arises 
from a dismutation (disproportionation) of the free radical first 
formed. 


Catalytic Hydrogenation of Sulphur Compounds without Desulphurization 

Hydrogenation in presence of palladium-charcoal—In 1945 Mozingo 
and his colleagues? showed that thiophen derivatives could be 
hydrogenated at 2-3 atmospheres pressure to the tetrahydro- 
compounds, in presence of a palladium-—charcoal catalyst. The 
presence or absence of mineral acid is immaterial. Thus, 2-thienyl- 
valeric acid (XXXV) yields the tetrahydro-compound; 2: 5- 
dibromo-3 : 4-diaminothiophen gives 3 : 4-diaminothiophen with- 
out hydrogenation, and 2-bromothiophen gives tetrahydrothiophen, 
bromine again being eliminated. A dihydro-derivative of the 
thiophen (XXXVI) obtained during the synthesis of biotin is 
converted to the tetrahydro-compound. 


! 2 Ne H,),COOH 


( XXXV ) (XXXVI) 


CHg°CO-NH ;—1NH-CO-CH; 
(. J (CH2),°CO-OCH3 


Hydrogenation in presence of rhenium sulphides—The heptasulphide of 
rhenium, Re,S,, and to a lesser extent the disulphide, ReS,, have 
been applied recently3§ to the hydrogenation of olefines, nitro- 
compounds, unsaturated alkyl sulphides, thiophens and to the 
fission of disulphides. The sulphides are remarkably unsusceptible to 
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the usual catalyst poisons. Large quantities of hydrogen sulphide or 
thiols can be added to nitrobenzene or to styrene without interfering 
with their reduction to aniline and ethylbenzene. The reaction 
proceeds at 150°-250°C and under 1,500—4,000 lb./sq. in. A 
special advantage is that desulphurization does not occur except 
under very drastic conditions. With Re,S, phenyl allyl sulphide 
gives phenyl n-propyl sulphide, diphenyl disulphide and thiophenol 
at 165°-195°C. Only above 300°C and at 3,600 Ib./sq. in. does fission 
of the carbon-sulphur link in the disulphide occur giving benzene, 
cyclohexane and thiophenol. At 200°-260°C and 2,000 lb./sq. in. 
thiophen is converted to its tetrahydro-compound. 

Less information is available about rhenium disulphide. It seems 
to be a less powerful catalyst. At 240°C and 2,300 lb./sq. in. 
phenyl allyl sulphide is converted to phenyl n-propyl sulphide. 

Rhenium heptasulphide is prepared by passing hydrogen sulphide 
into potassium per-rhenate, KReQ,, in hydrochloric acid. The 
mixture is boiled, and the precipitated sulphide washed with 
hydrochloric acid, then with water and dried. Broadbent and his 
colleagues*® have compared these rhenium sulphides with cobalt 
sulphide and similar catalysts. Cobalt polysulphide cleaves phenyl 
allyl sulphide at 250°C and 3,000 Ib./sq. in., giving thiophenol. It 
has the disadvantage of giving much hydrogen sulphide when used in 
hydrogenations. The rhenium sulphides never behave in this manner 
and they are unattacked by concentrated, non-oxidizing mineral 
acids. 


THE DESULPHURIZATION OF ORGANIC 
COMPOUNDS BY RANEY NICKEL 


Desulphurization by Raney nickel has played an important part in 
many of the researches discussed in this chapter. The course of the 
reaction and particularly the formation of by-products may depend 
on the mode of preparation of the nickel and on its content of ad- 
sorbed hydrogen. Usually no attempt is made to remove this, but 
the results of some work in which this was done are outlined on p. 96. 

Raney nickel is obtained as a microcrystalline powder by heating 
a nickel—-aluminium alloy containing 33-50 per cent of nickel with 
aqueous sodium hydroxide. After solution of the aluminium the 
nickel is washed thoroughly with water and kept under alcohol. 
The product, which contains muchadsorbed hydrogen, iscomparable 
in hydrogenating activity with palladium-charcoal. Sometimes it is 
used as a catalyst in hydrogenations carried out with gaseous 
hydrogen, but the following discussion is not concerned with such 
applications of the reagent. 


95 


SULPHUR COMPOUNDS OF PETROLEUM 


Some of the earliest applications of Raney nickel as a desulphuriz- 
ing agent were recorded by Bougault, Cattelain and Chabrier*®, who 
obtained acetic acid from thioacetic acid, HS-CH,-COOH, f- 
phenylpropionic acid from a-thiocinnamic acid, C,H;CH : C(SH)- 
COOH, and acetanilide from HS-CH,:-CO-NH-C,H;. 

du Vigneaud and his colleagues*®:44 converted biotin (XX XVIT) 
to its desthio-derivative (XX XVIII). 


co co 
es ome 

HN ia HN NH 

Sees aaa 

HC CH(CH;) COOH CH3 CH,:(CH,),-COOH 
ies 

(XXXVIT ) ( XXXVIIT) 


The new amino-acid felinine, HO-CH,-CH,-C(CH;),-S-CH,- 
CH(NH,)-COOH, isolated from cats’ urine by Westall, is readily 
desulphurized by Raney nickel in the cold giving alanine and 
isoamyl alcohol. The work is summarized in Chapter 2. 

The behaviour of Raney nickel with methyl-2-thienyl ketone 
(2-acetylthiophen) was studied by Badger, Rodder and Sasse*#? and 
affords a good example of the varied reactions to which different 
specimens of this reagent can give rise. In boiling xylene it gives the 
expected hexan-2-one (methyl-n-butyl ketone) and also acetalde- 
hyde and ethanol. With another specimen (designated W,)* under 
slightly different conditions acetaldehyde and hexan-2-one are 
again obtained, but in addition dodecane-2 : 11-dione (XX XIX) is 
produced. With sample W,* acetaldehyde and the dodecanedione 
are again obtained but no hexan-2-one was detected. 


GH_—,CH 
cl Jon 
Uae CH,—CHz, CH2——CH2 
= —» | | | 
\ CH;CO:CH, CH,—CH,  CHyCO-CH3 
CH, =—Cris 


| | ( XXXIX ) 
CH3 ‘C—CH, CH3 
I 


* The designations W., W,, etc., were used by Billica and Adkins*® to describe 
Raney nickel preparations of variable but reproducible content, prepared and 
stored under precisely defined conditions (see also Hurd and Rudner‘’), 
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The isolation of the dione points to the intermediate formation of 
the radical CH,CO-CH,-CH,-CH,-CH,: and recalls the work of 
Hauptmann ef al.*»44 and of Birch and Dean (see p. 91). It also 
furnishes an example of the use of Raney nickel*® in synthetic organic 
chemistry. Thienyl alkyl ketones are very accessible. They can be 
reduced by hydrazine hydrate to alkylthiophens which, with succinic 
anhydride and aluminium chloride, give alkylthenoylpropionic 
acids. These on reduction with hydrazine hydrate are converted to 
alkylthienylbutyric acids. Desulphurization with Raney nickel 
yields the desired fatty acid. 


R-CO-CI No H4:H,0 
UD SnCl, rcol J = acl } 


\ 
0 
cH, —cO NoH,,H,0 
ACs rcr{l Neo Fre ener, che-cor 
S CH;CH;COOH S 
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R-CH,(CH,),; (CH,),,COOH 


Many examples of this type of synthesis are given by Badger et al. 

Challenger and Holmes*¢ determined the structure of the methyl 
ketones (XL) and (XLI) derived from the two isomeric thiophthens 
(XLIa) and (XLIb) by reduction with Raney nickel in alcohol. 
With (XL) octan-2-one was obtained but the isomeric ketone gave 
the secondary alcohol and no ketone was detected. _ 


> S| 
-CO:CH, 
De Ui peoon Ww 
$ 2 = <a 
(XL) (XLI) (XLIa) (XLIb) 


Hurd and Rudner*’, by the use of a nickel catalyst prepared at a low 
temperature and not strictly comparable with Raney nickel, found 
that 2-amino-4-hydroxythiazole (XLII) in boiling ethanol loses 
sulphur and ammonia to give acetamide. 
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Using the same preparation and 2-mercapto-4-hydroxythiazole in 
boiling water the heterocyclic ring again underwent fission giving 
acetaldehyde and ammonia. No acetamide was obtained in this 
reaction. 
“Un _N NH, + CH,°CO-NH,+ NiS 
NH, 
( XLT ) 


From thiobenzanilide, C,H;CS-NH-C,H;, with Raney nickel in 
boiling benzene, benzylaniline and a trace of benzanilide were 
obtained. 2-Mercaptobenzothiazole (XLIII) readily gave benzo- 
thiazole (XLIV), 0o-aminothiophenol and aniline with a Raney 
nickel specimen designated ‘C’ in boiling ethanol. With another 
nickel (‘A’) the products were o-aminothiophenol, the corresponding 
disulphide and aniline 
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THE MECHANISM OF DESULPHURIZATION BY RANEY NICKEL 


Hauptmann and Wladislaw*?.44 and their collaborators have 
investigated the effect of Raney nickel on diaryl disulphides, 
R-S-S-R’ (where R and R’ may be the same or different), on the 
ethyl and phenyl esters of thiobenzoic acid, C,H,;CO-S-R, and the 
ethyl esters of a- and f-thionaphthoic acids, C,)H,-CO-S-C,H,. 
The work was carried out with samples of Raney nickel which had 
been heated for 2 hours under 3 mm. pressure (a) at 100°C and 
(b) at 200°C. Heating under these conditions at 500°C produced 
samples which had the same properties as those prepared at 200°C. 
Process (a) gave a nickel containing 10-14 c.c. of hydrogen per gram, 
process (b) reduced the content of hydrogen to 1 c.c. per gram. 

Desulphurization with nickel (a)—On heating this nickel in xylene 
solution with diphenyl disulphide or with formaldehyde dipheny]l- 
mercaptal, CH,(S-C,H;)., diphenyl was obtained, though in the 
second case the yield was only 9 per cent. The diethyl- and 
diphenylmercaptals of benzaldehyde with nickel (a) gave stilbene, 
(C,H;-CH : CH-C,H,), in yields up to 37 per cent and acetophenone 
ethylene mercaptol, 

he ea 
a 
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gave an 18 per cent yield of C,H,-C(CH,;) = C(CH,)-C,H; 
dimethylstilbene. Ethane and ethylbenzene were presumably also 
produced. Dimethylstilbene was also obtained when an undescribed 


specimen of Raney nickel was heated with trithioacetophenone*® 
(XLV): 


CH3_CeHs 
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C,He S CsHs, 


Some of the most useful results obtained by Hauptmann and his 
colleagues are concerned with the thiobenzoic esters CgH;-CO-S-R. 
The phenyl ester with nickel (a) gives benzene and if the hydrogen is 
lower than is usual with nickel (a), diphenyl is obtained. The 
reaction with nickel (5) is discussed in detail later. 

Desulphurization with nickel (b6)—Owing to the almost complete 
absence of hydrogen from the nickel and the use of boiling xylene as 
a solvent the course of the desulphurization reactions is different and, 
as will be seen later, is largely determined by the interaction of free 
radicals. Benzaldehyde diphenyl mercaptal C,H;-CH(S-C,H;) > 
gave stilbene in 69 and dipheny] sulphide in 80 per cent yield. This 
result should be compared with the behaviour with nickel (a), 
described on p. 96. The three mercaptals of the type CH,(SR)., 
where R is phenyl, p-tolyl or B-naphthyl give 70 per cent yields of 
the monosulphide R-S-R (see below). The mercaptal CH,(S-CH,-: 
C,H;)., however, gave a quantitative yield of nickel sulphide and 
also stilbene and dibenzyl. 

Desulphurization of esters of thiobenzow acid—The esters of thiobenzoic 
or thionaphthoic acids when heated with Raney nickel previously 
heated to 200°C [i.e. nickel (6)] gave a mixture of three mono- 
sulphides with loss of carbon monoxide thus: 


C,H,CO-S-C,,H, > CO + C,H,-S-CyH; + CyoHy-S-CigH, + 
CoH;-S-Ci9H, 
C,H,CO-S-C,H; > (C,H;) 5 C.H,),S + C,H,-S-C,H, + CO 
(a or B) CyH,-CO-S-C,H; > (Cy9H7)25 + C19H,S-C,H; + 
(C,H;),5 + CO 

In the last two experiments the diethyl sulphide was lost. The 
carbon monoxide was detected by removal in nitrogen and passage 
through a solution of palladium chloride, which was reduced to the 
metal. 
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In earlier experiments the same authors had shown that with 
nickel (b) disulphides R-S-S-R gave the monosulphides R-S-R in 
boiling xylene or in absence of a solvent at 140°-145°C. It seemed 
that investigation of this simpler reaction might throw some light 
on the results obtained with the thioesters. It seemed probable that 
this reaction involved the production of free RS. radicals. The action 
of nickel (6) on a mixture of two disulphides was therefore examined. 
Dipheny] disulphide and di-a-naphthyl disulphide were mixed and 
heated under reflux with nickel (5) in boiling xylene. The experi- 
ment clearly demonstrated the intermolecular nature of the reaction, 
the three possible monosulphides being obtained, of which the mixed 
phenyl a-naphthyl sulphide represented 33 per cent. 

In a similar experiment the intermolecular nature of the decom- 
position of the thioesters (described on p. 97) was demonstrated. A 
mixture of phenyl thiobenzoate, C,H;CO-S-C,H,, and a-naphthyl 
thionaphthoate, C,j)H,CO-S-C,,H,, was heated with nickel (5) in 
xylene. The products were diphenyl sulphide, di-a-naphthyl 
sulphide and phenyl-a-naphthy! sulphide, C,H;-S-C,)H,. The mixed 
sulphide represented 50 per cent of the product. Phenyl mercaptan 
and nickel (b) gave diphenyl sulphide and, in admixture with 
a-naphthyl mercaptan, the three possible sulphides were again 
obtained, and in addition some naphthalene. This might have 
arisen through hydrogenation by the small amount of hydrogen still 
present in the nickel (5), but more probably by abstraction of hydrogen 
from an aromatic nucleus by the a-naphthyl radical. 

The authors cite, in this connection, the well-known decomposition 
of lead mercaptides giving lead sulphide and an organic sulphide 
Pb(SR). = PbS + R-S-R. Free radicals would appear to be in- 
volved in reactions of this type also. A nickel mercaptide Ni(SR)., 
could possibly be formed in reaction of nickel (b) with mercaptans, 
and it was found that nickel di-p-tolyl mercaptide, Ni(S-C,H,-CHs) », 
heated with Raney nickel at 140°C gives di-p-tolyl sulphide. No 
mercaptide was, however, isolated in the reactions with Raney 
nickel described above. The formation of CH, : CH-CH,S: 
radicals followed by formation and decomposition of Zn(S-CH,:-CH: 
CH.) 2 was suggested by Challenger and Greenwood?? to explain the 
conversion of diallyl disulphide to allyl sulphide on heating with 
zinc dust. On heating pure zinc allyl mercaptide at 100°C or in 
boiling benzene, allyl monosulphide and zinc sulphide were 
recognized by conversion to the sulphidimine and_ to hydrogen 
sulphide respectively. 

The formation of free radicals by dissociation of disulphides is 
discussed in various publications by Schénberg®®, 
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Hauptmann, Wladislaw et al. point out that their results with 
Raney nickel and arylthioesters R-CO-S-R’ need further considera- 
tion since one of the products is R-S-R and the radical R is not 
attached to sulphur. They suggest that the first reaction which 
occurs on heating the thioester with Raney nickel is the formation of 
an R-CO- and an -SR’ radical and point out that the analogous 
reductive desulphurization of ethyl thiobenzoate, CgH;CO-S-C,H;, 
yields benzaldehyde, presumably by addition of a hydrogen atom to 
the benzoyl radical C,H;CO-. The formation of carbon monoxide 
in their own experiments is ascribed to the breakdown of C,H;CO- 
to CO + C,H,-. They quote the photochemical decomposition of 
acetophenone and benzaldehyde in which carbon monoxide is 
eliminated. Many reactions of acid chlorides are known in which 
carbon monoxide is liberated. When isovaleryl chloride is passed 
over nickel at 400°C isobutylene and carbon monoxide are obtained” ; 
other acid chlorides behave in a similar manner. 


Disproportionation of Mixed Monosulphides with Raney Nickel 

Assuming a primary fission of R-CO-SR’ to R-CO- and -SR’, how 
is R-S-R produced? It seemed possible that the explanation might 
lie in the behaviour of the mixed sulphide R-S-R’ which is known to 
be formed. As already stated above, C,H;CO-S-C,)H, on heating 
with nickel (6) gives (CgH;).S, (CyH7)25 and also the mixed 
sulphide C,H;-S-C,)H, presumably by union of the C,H;- and 
C1 9H,S- radicals. 

A number of mixed sulphides were therefore heated with nickel 
(b) in absence of a solvent and it was found that disproportionation 
occurred giving two simple sulphides: 


QOR-S-R’ > R-S-R + R’-S-R’ 


This was clearly demonstrated with ethyl phenyl sulphide, ethyl 
p-naphthy]! sulphide, and phenyl a-naphthyl sulphide, the products 
being isolated as the corresponding sulphones by oxidation with 
hydrogen peroxide. 
Inactivation of Raney nickel—Some interesting conclusions were 
drawn by Hauptmann etal. from their observation that p-p’-dinitrodi- 
phenyl disulphide is almost completely unchanged after boiling for 
15 hours with Raney nickel (6) in xylene. No monosulphide was 
detected. In a similar experiment with the phenyl ester of p-nitro- 
thiobenzoic acid NO,:C,H,:CO-S-C,H,; a recovery of 71-5 per cent 
was obtained, whereas the p-methoxy derivative CH,-O-C,H,-CO- 
S-C,H,; gave p-methoxydiphenyl sulphide in 63 per cent yield. 
Dissociation into radicals appears, therefore, to be hindered by the 
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nitro-group but not by the methoxy-group. These results are, 
however, apparently not explicable on electron withdrawal from or 
accession to the sulphur atom due to the nitro- and methoxy-groups, 
since some nitrated aryl compounds dissociate more readily than the 
parent compound. Thus hexanitrohexaphenylethane is completely 
dissociated at room temperature, but hexaphenylethane only 
slightly so. o-o’-Dinitrodipheny] disulphide reacts much more readily 
with mercury than does diphenyl disulphide. 

Hauptmann considers that the effect is due to poisoning of the 
nickel by adsorption of the nitro-groups on its surface. In agreement 
with this view it was found that diphenyl] disulphide, which normally 
gives an 82 per cent yield of the monosulphide with Raney nickel (4), 
is recovered unchanged to the extent of 80 per cent if dinitrodiphenyl 
is added to the reaction mixture. This probably explains why sulphur 
compounds do not interfere with the reduction of nitro-compounds 
by Raney nickel but are strong poisons for the catalytic reduction of 
ethylene by this metal. 

Bonner (see p. 102) has suggested that the sulphone 2-phenyl-2- 
phenylsulphonylpropionamide can become attached to Raney nickel 
through its oxygen atoms and that radical dissociation is thereby 
hindered. The structure of the nitro-compounds exhibits a similarity 
to that of the sulphones, 


O O 
+/ e+ 
R-N and R,S 
\ - 
O O 


Reductive desulphurization with Raney nickel. The origin of the hydrogen 
—For many years there remained a doubt as to how the hydrogen 
was supplied by Raney nickel. It will be realized that in the majority 
of cases the nickel is used without the introduction of any gaseous 
hydrogen into the system. It is only with such cases that we are here 
concerned. 

Examination of samples of Raney nickel prepared by the usual 
alkali treatment of an aluminium-nickel alloy showed that 1 gram 
contained from 40 to 120 c.c. of ‘bound’ or adsorbed hydrogen. This 
supported the view advanced by Mozingo and his colleagues*! 
that this hydrogen, bound on the surface, acted as the reducing 
agent. ‘This view and also the possible formation of free radicals 
was also mentioned by Kenner, Lythgoe and Todd® in the discus- 
sion of the desulphurization of a methylthiopyrimidine derivative. 
This compound also contained a dichlorobenzeneazo-group which 


100 


THE MECHANISM OF DESULPHURIZATION BY RANEY NICKEL 


by reductive fission of the —N =N— group gave an aminopyrimidine 
derivative. 

Hauptmann’s work, discussed on p. 97, suggests that the usual 
reaction which may be represented as (a), Ni(H) + R-S-R’—> 
RH + R’H + NiS, only occurs when this ‘bound’ hydrogen is 
present and that when this is removed by degassing at 100°—200°C 
in vacuo the reaction takes a different course, free radicals being 
involved, and that in xylene solution aromatic mercaptols R,C(SR’) s, 
mercaptals R-CH(SR’),, disulphides R-S-S-R and _ thioesters 
R-CO-SR’ yield stilbenes, diaryls and diaryl sulphides rather than 
aromatic hydrocarbons, RH. 

Wolfrom and Karabinos®* put forward another suggestion based 
on the fact that Raney nickel can convert alcohols to aldehydes and 
ketones in presence of a hydrogen acceptor, such as an olefine. They 
considered that the source of the hydrogen in most reactions with 
Raney nickel was the alcohol used as solvent, which was thereby 
dehydrogenated to acetaldehyde [reaction (d)]. 

Acetaldehyde was actually detected by them when heptanal 
diethyl mercaptal CH,(CH,);-CH(SC,H;). was converted in dilute 
alcoholic solution to n-heptane and ethane by Raney nickel. This 
acetaldehyde is probably the source of the ethyl groups of the 
N-ethylaniline obtained by Mozingo et al.** when azoxybenzene 
or hydrazobenzene is boiled with Raney nickel in alcohol. Aniline is 
presumably formed and reacts with acetaldehyde to give the Schiff’s 
base CH,-CH : N-C,H, which is reduced to N-ethylaniline. 

Bonner®®.56 has shown that the original explanation of Hauptmann 
is correct. {-Thionaphthol was refluxed in ethanol with Raney 
nickel in an air stream when a quantitative yield of naphthalene and 
11 per cent of the acetaldehyde required by reaction (d) were 
obtained. Blank experiments, omitting the £-thionaphthol, gave the 
same yield of acetaldehyde, which was collected as the 2 : 4- 
dinitrophenylhydrazone. Moreover, naphthalene was again ob- 
tained in theoretical yield when the reaction was carried out in 
boiling benzene, under which circumstances reaction (d) was 
excluded. In order to obtain the maximum confirmation of his 
conclusions the thionaphthol was refluxed in ethanol with Raney 
nickel which had been degassed at 200°C in vacuo. Under these 
circumstances the same 11 per cent yield of acetaldehyde was 
obtained as in the blank experiment and, instead of naphthalene, 
p- B’-dinaphthy] disulphide was formed, obviously due to a deficiency 
of adsorbed hydrogen on the nickel. With the degassed nickel and 
the thiol in benzene the disulphide was again obtained. 

The evidence so far adduced would appear conclusive but Bonner 
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carried out one further test. Conversion of 8-thionaphthol to naph- 
thalene or to the corresponding disulphide proceeds by abstraction 
of hydrogen from the thiol group. It seemed conceivable that 
in the reactions carried out in alcoholic solution this hydrogen might 
have reduced the acetaldehyde arising through reaction (d), thus 
lowering the yield to the observed value of 11 per cent. This was 
disproved by replacing the £-thionaphthol by diethyl sulphide, when 
the same amount of acetaldehyde was produced as before and, as 
would be expected, nickel sulphide was formed. It is therefore clear 
that ordinary Raney nickel carries out the desulphurization reactions 
through its adsorbed hydrogen. 


STEREOCHEMICAL CHANGES DURING DESULPHURIZATION WITH 
RANEY NICKEL 


Bonner points out that the stereochemical course of reductive de- 
sulphurization by Raney nickel has not been established. The 
reductive desulphurization of certain amino acids, of biotin and of 
carbohydrate derivatives does not involve change in an asymmetric 
centre if this is situated at some distance from the sulphur atom, and 
references in support of this generalization are supplied. Some 
experiments of Reichstein ef al.57 are cited in which the sulphur 
atom which is removed is situated next to the asymmetric carbon 
atom, as in the case of the carbohydrate derivative (XLVI) 


(XLVI) 





CH, —O—CH-CgHs 


and similar compounds. Here the asymmetry of the carbon atom 
adjoining the sulphur is lost on its conversion to a —CH,— group. 

Desulphurization of 2-phenyl-2-phenylthiopropionic acid derivatives— 
Bonner synthesized the ester and amide of 2-phenyl-2-phenyl- 
thiopropionic acid and also the corresponding sulphone. 

The structure of the acid (XLVII) was confirmed by its reduction 
and desulphurization with Raney nickel to 2-phenylpropionic acid 
CH;:-CH(C,H;)-COOH and by a similar reaction with the amide 
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(XLVIII). This was found more suitable than the acid, which gave 
a certain amount of insoluble nickel salts. The acid was then resolved 
by the use of the (+) and (—) phenylethylamines CH,-CH(NH,)- 
C,H; and the enantiomorphs converted to the amides prior to 
desulphurization. On desulphurization with Raney nickel in boiling 
ethanol for 5 hours both the (+) and the (—) amide gave racemic 
2-phenylpropionamide CH,:-CH(C,H,)-CO-NHg. 


CH, CH, CH, 
Cols COOH a) NH, CgH,:C-CO+ NH, 
S-CgHe S-C, Hs SO,"Cg Hs 
(XLVII) (XLVIII) (XLIX) 


Desulphurization is therefore accompanied by a complete racemi- 
zation. This racemization occurred during and not after the 
desulphurization because when (—) -2-phenylpropionamide was 
treated with Raney nickel under the same conditions it was re- 
covered unchanged in rotation. 

Desulphurization of derivatives of 2-phenyl-2-benzenesulphonylpropionic 
acid—The two optically active amides were then oxidized to the 
corresponding sulphones (XLIX) and these were submitted to 
desulphurization as before. The resulting 2-phenylpropionamides 
were optically active and enantiomorphic and their specific rotations 
showed that only about 10 per cent had undergone racemization in 
each case. Clearly, the desulphurization of the sulphone cannot 
proceed through the intermediate formation of the sulphide. 

The authors at first considered the possibility that the sulphone 
might exist in the form of structures such as (L) or (LI) containing 
hydrogen bonds but this was disproved when it was shown that the 
(—) ester (LII) of the sulphone also retained its rotation with only 
about 10 per cent diminution when desulphurized as before. The 
structure of the sulphone-ester does not permit of hydrogen bond 
formation. 


0 O 
| I 
Cc 
Ch CH. 7% ae CH 
im NH CH ot 3 l 
Ces | | 6 | ~_ CgHs C —CO-OC2Hs 
Ss ooOU4H SH | 
\ 4 ae Sc. / 
CHe~ ‘Oo CeHs Le, 0 SOzCe6Hs 
(L) (LI) (LIT) 


SULPHUR COMPOUNDS OF PETROLEUM 


Bonner, in discussing these results, refers to the work of Hauptmann 
and Wladislaw?*:44 already described. He accepts their view of the 
formation of free radicals during desulphurization with Raney 
nickel. They postulated an adsorption of the sulphur compound on 
the surface of the metal, probably through the unshared electrons 
of the sulphur atom. This presumably weakens the C—S bond and 
consequently a free radical is eliminated which is reduced to a hydro- 
carbon by the adsorbed hydrogen on the surface of the nickel as 
shown by Bonner (see p. 100). If adsorbed hydrogen is absent as in 
‘degassed’ Raney nickel the radicals combine with each other to 
form other products as already explained. There is much evidence 
to show that free radicals are optically unstable and that racemization 
accompanies their formation from an optically active compound?®®.®9, 
Consequently the racemization observed by Bonner during the 
desulphurization of 2-phenyl-2-phenylthiopropionic ethyl ester and 
the corresponding amide is readily explicable if, e.g. the radical 


CH, 


-C—CONH, 
a 
C,H; 
is an intermediate product. 

It seems clear that the desulphurization of the corresponding 
sulphone during which the optical activity is retained cannot be a 
free radical reaction of the type discussed above. Moreover, since 
there are no unshared electrons on the sulphur atom of the sulphones, 
adsorption on the nickel surface might take place through the oxygen 


O 


| ioe 
of the —C—S— group. The adsorbed molecule might then react 


with an adjacentadsorbed hydrogen atom to break the sulphur-carbon 
bond so that an optically active reduction product is simultaneously 
formed. Bonner believes that this desulphurization is accompanied 
by optical inversion. This conclusion is based on Freudenberg’s 
principle®° of ‘uniform rotational trends’ and finds some support in a 
consideration of the rotations of the amide, esters, acid chloride and 
acid containing the —SC,H; and —SO,-C,H, groups mentioned 
above, and of the corresponding compounds produced from them 
by reductive desulphurization, during which the sulphur atom is 
replaced by hydrogen. 
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Desulphurization of 2-phenyl-2-benzenesulphinylpropionic acid derivatives 
—The unexpected results described in the preceding section sug- 
gested the study of the corresponding sulphoxide under analogous 
conditions, it being remembered that the formation of the sulphoxide 
group introduces a second centre of asymmetry. 

Two crystalline enantiomorphs of 2-phenyl-2-benzenesulphinyl- 
propionamides (LIII) were prepared by the oxidation of the corres- 
ponding (+)- and (—)-2-phenyl-2-phenylthiopropionamides with 
hydrogen peroxide in acetic acid. These were dextro-rotatory 


({<|> = + 187°) and _ laevo-rotatory ([e|> = — 207°) with 


m.p.’s 120°C and 120°C respectively. The first (+) was slightly less 
optically pure than the second —s): The mother liquors from these 


preparations gave syrupy, optically impure diastereoisomerides 


of the above sulphoxides of rotations [-]> — + 55°) and 


D 


({o|> = — 53-2°)—the iS) and (35) derivatives. 


A preliminary desulphurization was carried out on the racemic 
sulphoxide. After boiling in ethanol with Raney nickel for three 
hours the product was shown to be 2-phenylpropionamide. This 
procedure was then employed in the desulphurization of the two 
crystalline and the two syrupy optically active sulphoxides, i.e. four 
experiments in all. The results were identical. Good yields of pure 
2-phenylpropionamide were obtained and in each case the product 
was completely optically inactive. 


CH; CH; 
C,H. C . CONH, —<—<———— — Cs, Hs" C- CONH, —— Cs He-C ° CONH, 
> 


| 
C.H_'SO H 
(LI) 


CgHs" 


Desulphurization of the sulphoxide therefore resembles stereo- 
chemically that of the sulphide and not that of the sulphone and it 
would appear that free radicals are involved in the process. It is 
possible that the sulphoxide may be reduced to the sulphide before 
desulphurization. It is well known that sulphoxides are readily 
reduced to sulphides whereas the similar reduction of sulphones is 
difficult (see Chapter 2, pp. 37, 49 and 54). 
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Desulphurization by Raney nickel in carbohydrate chemistry—Wolfrom 
and Karabinos*! have employed Raney nickel in a convenient 
method for the conversion of carbonyl groups to methylene groups. 
By condensation with a mercaptan, a mercaptol or mercaptal is 
produced and this with Raney nickel in dilute alcoholic solution 
undergoes hydrogenolysis. Thus, benzophenone gives diphenyl- 
methane 


(CgH;).C = O-—> (C,H) 2C(SR).—> C,H,;CH,C,H; 


and D-galactose diethylmercaptal penta-acetate (LIV) gives 
1-deoxy-D-galactitol penta-acetate (Ac = CO-CH,) ® (LV). 


CH(S:C,H5)2 CH, 
H OAc H OAc 
AcO H Ni(H) AcO H 
————_> 
AcO H AcO H 
H OAc H OAc 
CH2:OAc CH,:OAc 
(LIV) (LV) 


Care is necessary in the interpretation of these reactions as one 
example is recorded where, during the formation of the diethylthio- 
acetal from the penta-acetate of D-psicose (a ketose), an acetyl 
group on C-5 was replaced by —S-C,H;; reaction, therefore, occurs 
at two points in the molecule(C-2 and C-5) with final formation of 
two —CH, groups instead of one®, 

Raney nickel may also be used in the conversion of an aceto- 
bromohexose into a hexitol anhydride®, One further example of the 
use of desulphurization by Raney nickel in carbohydrate chemistry 
may be cited®4, It was desired to convert the iodide (OV TS Reis 


AcO H 
H OAc 
AcO H 
H OAc (LVI) 
H O 
CHyR 
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to the corresponding deoxy compound (LVI; R = H). The direct 
reductive displacement of the iodine by hydrogen was found to be 
difficult but by converting (LVI; R = I) to the hydriodide of the 
thiouronium salt (LVI; R = —S-C(: NH)-NH,, HI) and treating 
with Raney nickel a good yield of the required deoxy compound 
(LVI; R = H) was obtained 

Desulphurization by Raney nickel in sterol chemistry—The method of 
Wolfrom and Karabinos has been used to convert keto-steroids to 
the corresponding hydrocarbon derivatives®. 

Further work on the use of Raney nickel in the study of organic sulphides 
from mineral oils—Birch and his associates ®* have published a valuable 
review of their work on the sulphur compounds in the kerosene 
fraction of Persian oil of mixed origin. It includes much further 
information and a chart showing the treatment undergone by the 
mixture of sulphides resulting from dilution of the ‘sulphuric acid 
sludge’ with water. A careful fractionation with a very efficient 
column preceded the mercuric acetate treatment. Another table 
gives a full list of the saturated cyclic sulphides and the alkylated 
thiophens which have been isolated or detected, and the methods of 
identification. In this paper Birch e¢ a/. point out that not only does 
the mercuric acetate method enable a partial separation of open 
chain and cyclic sulphides to be effected, but it is of great assistance 
in concentrating mono- and bicyclic sulphides in different fractions. 
The order of extraction by the aqueous mercuric acetate from the 
mixture of sulphides is tricyclic sulphides > bicyclic > monocyclic 
~ dialkyl sulphides. Regeneration from the mercuric acetate com- 
plex follows the reverse order. By a simple steam distillation of the 
extract the less stable mercury acetate compounds (i.e. those of the 
alkyl and monocyclic sulphides) are first decomposed giving sulphides 
which are designated A. Those sulphides which are only regenerated 
in acid solution are distinguished as B sulphides. 

The authors emphasize that attempts to identify a sulphide 
through the hydrocarbon obtained by desulphurization have the 
disadvantage that no indication of the point of attachment of the 
sulphur atom to the carbon skeleton is afforded. Several alternatives 
may be possible, e.g. the hydrocarbon CH,-CH,-CH,-(CH2)4-CHs 
might be formed either from a n-propylthiacyclohexane or a n- 
butylthiacyclopentane. 


. — 
cH, CH, CH, — CHa 


| | 

| ; é 

CH, CH (CH,),CH, CH2 oe (CH.)3 CH, 
i 
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Birch et al. have assumed that the simple ring systems involved 
contain five or six members. Simple rings of four or seven atoms have 
not yet been identified in mineral oils. An excellent example of the 
interpretation of the results of a desulphurization experiment from 
the physical properties of the product and related compounds is 
given on p. 109. 

An examination of the B sulphides obtained from the fraction of 
b.p. 187°-191°C (fraction XII) furnished interesting results. On 
repeated partial extraction with mercuric acetate and fractional 
regeneration a solid, volatile sulphide (m.p. 172°C in a sealed tube) 
was obtained. Its analysis and that of the sulphone and mercuri- 
chloride indicated the formula C,H,,S and on desulphurization with 
Raney nickel cycloheptane was obtained and identified spectro- 
scopically and by gas chromatography, thus leading to the identifica- 
tion of the sulphide as 8-thiabicyclo- [3 : 2: 1] octane. 

In addition to cycloheptane, methylcyclohexane and ethylcyclo- 
pentane were identified among the products of desulphurization of 
the B sulphides. The problems involved in an attempt to determine 
the origin of the methylcyclohexane may be indicated as they afford a 
good example of the mode of attack developed by Birch. It seemed 
possible at first that 3-thiabicyclo-[3 : 3 : O0]-octane (LVII) was one 
of the sulphides present and that during its desulphurization ring 
expansion had occurred giving methyleyclohexane, thus: 


CH CH CH 
"Alps: val se 
ve ra ‘its CH; CH, | CH; 
cH, | §S NCH), | 
| : | ‘a CH, +NiS 
CH, | CH S: | 
Siege BA aa : CH; |-eCHe 
CH CH PS 
CH 
(LVII) 
CH 
CH—CH 
ch, cH, ve ; 
"i CH, “CH, 
CH, CH: reac eth | 
| CH, CH, 
ch, 


No such Teaction was, however, detected on desulphurization of 
trans-3-thiabicyclo -[3 : 3: O]- octane, cyclopentylmethanethiol or 
di-(cyclopentylmethyl) sulphide (see p. 84). No ring contraction 
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with formation of methylceyclopentane could be detected during the 
desulphurization of methylcyclohexyl sulphide. It seems probable 
therefore that the methylcyclohexane was formed from a bridged 
bicyclic sulphide having one of the first two structures shown below: 





CH CH 
\\ a =~CcH, 
CH \ yop 
CH, CH 
tn ? ) 2 CH, CH, CH, S* CH Ha 
a a la 2 / CHa CH; 
CH 
Sele 2 
CH CH 
2 -Thiabicyclo- 6 -Thiabicyclo- 
[2:2:2] octane [3:2:1] octane 


The examination of fraction VI b.p. 156°C involved the use both 
of Raney nickel for desulphurization and of a new reagent— 
diphenyl disulphide—for dehydrogenation. Raney nickel yielded 
mainly 3-methylhexane. This could arise from three different 
alkylated thiacyclohexanes but all these should boil above 156°C 


CHs 
CH; CHy°CH3 CHa CH, CH CH CH, CH; 
CH; CH3 ? CH 
S = S 3 


since the 3- and 4- monomethyl derivatives boil at 158-04°C and 
158-6°C respectively. Several alkylated thiacyclopentanes should 


? 3 
” : CHyCH3 : CH: 5/XCH;CH, 


CH, 
also yield 3-methyl-n-hexane with Raney nickel but are again 
unlikely to be present from a consideration of their boiling points. 
The first boils at 187°C and the monoderivatives, 2- and 3-ethylthia- 
cyclopentanes boil at 157° and 165°C. 

When fraction VI was heated in a sealed tube at 300°-310°C 
with three times its weight of diphenyl disulphide for 11 hours, the 
product distilled in steam and fractionated, an oil was obtained. In 
pentane with aqueous mercuric acetate this gave an oil which 
solidified and was shown by its m.p. and mixed m.p. to be 4-acetoxy- 
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mercury-2 : 3: 5-trimethylthiophen, arising by dehydrogenation of 
2: 3: 5-trimethylthiacyclopentane, which on desulphurization with 
Raney nickel would also yield 3-methyl-n-hexane. 


, CH,—— CH-CH, 
CH3 — CgHeS'S-CgHs CH; Ni ie ean 
CH3 S CH, CH; S CH; CH3CH, CH;CH3 


The fraction of b.p. 206°-210°C (fraction XIX) yielded important 
results. By comparison of the infra-red spectra of the B sulphides 
with those of pure synthetic cis- and ¢trans-1-thiahydrindane (LVIII 
and LIX) the presence of both these compounds was definitely 
established. They are probably responsible for the ethyleyclohexane 
obtained on desulphurization of fraction XIX by Raney nickel. 
That portion of the same fraction which was unattacked by aqueous 
mercuric acetate was shown to contain naphthalene. 


a as 


vias H re CH, H rm 

CH, H CH 

x oN AG ae 
Cis 2 a“ 2 
(LVIII) (LE 


These hydrindanes, the corresponding 2-thia compounds, and 
several related sulphides have been synthesized by Birch and his 
colleagues®’>68, 

Olefine formation during desulphurization—Birch®® has carried out 
further work on the desulphurization of polyalkylthiophens and 
various unidentified bi- and tricyclic sulphides obtained on addition 
of water to the sulphuric acid sludge already mentioned. 

The hydrocarbons obtained on desulphurization of these sulphides 
are often accompanied by 10-33 per cent of olefine, and for the 
hydrocarbons from the polycyclic sulphides this figure may rise to 
60 per cent. The causes of this olefine formation are not known. It 
is presumably a dehydrogenation and Birch and Dean (see p. 92) 
obtained a much larger yield of olefines from pentamethylene 
sulphide (thiacyclohexane) by the use of Raney nickel which had 
been partly denuded of its adsorbed hydrogen. It is not known 
whether olefine formation occurs during desulphurization or by 
hydrogenation of the resulting hydrocarbon. 

There may be some relation between the extent of olefine forma- 
tion and the number of carbon atoms in the sulphide. For sulphides 
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with 7, 8 and 9 carbon atoms the percentage of olefine formation 
was 10, 20 and 33 respectively. With the higher but unidentified 
sulphides the figure rose to 60 per cent. Here the number of carbon 
atoms would be 9-10. Carbon content alone would therefore appear 
not to be the only factor in determining olefine formation. Struc- 
tural considerations are probably involved. That Raney nickel can 
cause fission of, at any rate, a 2-carbon chain was shown by Birch 
et al. who obtained methane on boiling the nickel with ethanol. 
Methane is also obtained from ethane-| : 2-dithiol and Raney nickel. 


CATALYTIC DESULPHURIZATION OF PETROLEUM DISTILLATES IN 
PRESENCE OF HYDROGEN—‘HYDRODESULPHURIZATION’ 


A modern catalytic desulphurization—hydrogenation process has 
recently been described”? in which the sulphur is removed as hydro- 
gen sulphide and saturated or aromatic or even hydroaromatic 
hydrocarbons are produced, often accompanied by branching of 
the paraffin chain. Fission of the chain by ‘cracking’ followed by 
some hydrogenation of the resulting olefines may also occur. The 
alkylbenzothiophens [alkylthionaphthens (LX)] which are found in 
the fractions known as ‘straight-run gas oils’ or ‘catalytically cracked 
cycle oils’ give dialkylbenzenes, whereas the dibenzothiophens 
[diphenylene sulphides (LXI)] which occur in the higher fractions 
give, for example, diphenyl, which may undergo some hydrogenation. 
These reactions recall those observed by the use of Raney nickel. In 


‘OD — "Oa — OO 
S 
( ve (LXI) 


addition to possessing the properties usually desirable in catalytic 
processes the catalyst required for this type of desulphurization must 
be selective so that the hydrogenation of aromatic hydrocarbons 1s 
reduced to a minimum. pe: 
The oxides of cobalt, molybdenum or zinc possess such selectivity ; 
cobalt and molybdenum oxides when suspended on bauxite or 
alumina were found to be specially suitable for this process. 


PETROLEUM (OR ‘NAPHTHENIC’) ACIDS CONTAINING SULPHUR 


‘Naphthenic acids’ is the name given to the acidic ingredients, other 
than phenols and mercaptans, i.e. carboxylic acids, which are found 
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in petroleum and particularly in the ‘kerosene’ and ‘light gas oil’ 
fractions. These or their salts with various metals have been used as 
emulsifiers, preservatives for wood or textiles and as siccatives in the 
paint industry and for other purposes. An account has recently been 
published of the higher naphthenic acids isolated from a lubricating 
oil of Venezuelan origin”. 

The ‘naphthenic’ acids were purified on alumina and eluted with 
suitable solvents. They were then converted to the methyl esters by 
the usual methanol—hydrogen chloride process and fractionated in a 
molecular still. Reduction to the corresponding hydrocarbons was 
effected by reduction to the alcohols with lithium aluminium 
hydride, conversion to the iodides with hydriodic acid and reduction 
to the hydrocarbon with zinc and acetic acid. 

The hydrocarbons were separated by alumina and by thermal 
diffusion into fractions of which the refractive indexes and ultra- 
violet absorption spectra were determined. The elementary analyses 
and the graphs showing the refractive indexes indicated the presence 
of hydrocarbons containing one or two aromatic nuclei, of saturated 
homocyclic compounds and also of dibenzothiophens. In all cases 
alkyl side chains were present. It is suggested that the term ‘naph- 
thenic acid’ which suggests only derivatives of polymethylene hydro- 
carbons should be replaced by the more comprehensive designation 
‘petroleum acids’. It is considered, no doubt with reason, that the 
‘petroleum acids’ from other oils will be shown to be of similar type 
to those of Venezuelan origin. 
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THE NATURAL MUSTARD OIL GLUCOSIDES 
AND THE RELATED JSOTHIOCYANATES 
AND NITRILES 


EARLY WORK ON MUSTARD SEEDS AND OIL OF MUSTARD 


ALTHouGH the Dutch scientist Boerhaave appears to have been the 
first to prepare oil of mustard and to describe its properties in 1732, 
it would seem that the formation of a volatile oil on distillation of 
mustard seeds with water was observed by Portas in 1608 and by 
Febure in Paris in 1660. The references, all to very inaccessible 
publications, are given by Gildemeister and Hofmann. 

The conclusion that the pungent principle of mustard is not 
present in the free state in the seeds must have been reached by 
early users of the plant, and they can hardly have failed to notice 
that grinding with water is necessary before the odour is produced. 
However, Gildemeister and Hofmann place the date of publication 
of this second observation as late as 1825 and give four references, 
mainly to the Journal de Pharmacie. The presence of sulphur in the 
mustard oil was detected by Thiebierge in 1819 and an elementary 
analysis of the oil was carried out by Dumas and Pelouze* who also 
showed that with ammonia it was converted to thiosinamine (later 
shown to be allylthiourea CH, : CH-CH,-NH-CS-NH,). This 
work must be regarded as the beginning of the modern investigations 
relating to mustard oil (allyl isothiocyanate CH, : CH-GH,'N : C:S) 
and its production from the plant. Boutron and Fremy* made a 
significant step forward when, by extraction of black mustard seeds 
with cold alcohol, they obtained a solid substance which Bussy* 
named myrosin. (This was later shown to contain an enzyme.) If 
the seeds, after the extraction with alcohol, were pressed to remove 
fatty oil, treated with water and the aqueous extract treated with 
myrosin, oil of mustard was liberated. The substance left in the 
seeds after extraction of the myrosin (now named myrosinase) with 
cold alcohol, and which yields the mustard oil by action of the 
enzyme, was extracted with water, the extract concentrated, and 
protein precipitated with alcohol, finally yielding the potassium 
salt of a complex acid named myronic acid. ‘This potassium myronate 
was later given the name sinigrin by which it is known today. 
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If the myrosinase in the seeds was decomposed by heating at 
100°C, addition of water to the ground seeds produced no trace of 
oil of mustard. Potassium myronate (sinigrin) could then be extracted 
with water. The simultaneous presence of myrosinase and sinigrin 
in the seeds of black mustard was, therefore, clearly established by 
Bussy. 


Chemical Properties of Oil of Mustard 

Bussy also studied the chemical properties of the mustard oil 
while Will® and, simultaneously, Wertheim® suggested in 1844 that 
the oil was ‘schwefelcyanallyl’, C;H;CNS. This was, however, not a 
complete answer to the question ofits nature as ideas on the structure 
of the CNS group were still rudimentary. Sixteen years later an 
important advance was made by Ludwig and Lange’ who also 
obtained sinigrin from black mustard seed and showed that on 
‘fermentation’ with myrosin, glucose, potassium hydrogen sulphate 
and allyl mustard oil were obtained. Further studies of this bio- 
logical breakdown were carried out by Will and Kérner® and are 
discussed in detail later. Here it need only be mentioned that had 
some of their observations and comments received sufficient attention 
and amplification a much earlier re-assessment of the structural 
formula (I) put forward for sinigrin by Gadamer® in 1895 would 
have been made. 


S s C,HyO; 


a 


af 
CH, : CH-CH,-N=C K 


O-SO,:O 
(I) 

This type of structure has been generally accepted as probably 
applying to all glucosides which yield a ‘mustard oil’ (an isothio- 
cyanate), potassium hydrogen sulphate or other sulphate, and 
glucose on enzymic hydrolysis. It remained unchallenged till 1956. 
It will be preferable, however, to discuss the whole question in 
chronological order. 

The suggestion made in 1844 that allyl mustard oil (from sinigrin, 
i.e. potassium myronate) was ‘schwefelcyanally’ was much streng- 
thened when Zinin!® and almost simultaneously Berthelot and de 
Luca" synthesized the oil by heating allyl iodide with potassium 
thiocyanate and confirmed their synthesis by converting the mustard 
oil to thiosinamine, C,;H;-NH-CS-NH,, which exhibited all the 


properties characteristic of that prepared from the natural oil. This 
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led to the conclusion that allyl mustard oil was the allyl ester of 
thiocyanic acid, although Oeser!? remarked that the other known 
esters of thiocyanic acid had properties which were very different 
from those of allyl mustard oil. He also pointed out that the 
formation of thiosinamine from mustard oil and ammonia is not 
analogous with the behaviour of ethyl thiocyanate with this reagent. 
The reaction with alkali was also different. 

Hofimann!’, in a paper of fundamental importance, suggested in 
1868 that in compounds of the mustard oil type the alkyl group was 
linked to nitrogen, but in the isomeric thiocyanates to sulphur. This 
view was later firmly established through a study of the products of 
reduction, oxidation and hydrolysis of the two isomeric types and by 
the interaction of the mustard oils with amines’. 

Further light was thrown on the properties and structure of 
thiocyanates and isothiocyanates when it was shown by Billeter!? and 
by Gerlich!* that by the action of allyl bromide on potassium (or 
ammonium) thiocyanate in the cold the thiocyanate CH, : CH-CH,: 
S.C: N is first formed and undergoes isomerization by heat giving 
the mustard oil. Gerlich’s account of the experiment may be 
quoted: 


‘Erhitzt man das Rhodanallyl am Riickflusskithler, so sinkt der 
anfangliche Siedepunkt von 161° allmalig bei immer intensiver 
hervortretendem Senfélgeruch auf 148° bis 149° herab. Die 
Umwandlung ist dann vollendet, ein weiteres Sinken des Queck- 
silbers findet nicht statt. Fir sich oder in alkoholischer Lésung 
moéglichst bei Licht und Luftabschluss und mit Eis umgeben, 
hielt sich der K6rper unverandert.’ 


Gerlich’? gave directions for the preparation of reasonably pure 
allyl thiocyanate CH, : CH-CH,:S-C=N from ammonium thio- 
cyanate and allyl bromide in 80-90 per cent alcohol at 0°C. 

In view of Gerlich’s work the question naturally arose whether 
allyl isothiocyanate is the actual product liberated by myrosin from 
sinigrin or whether allyl thiocyanate is first formed and then iso- 
merized to the isothiocyanate. Schmidt!® carried out the enzymic 
fission of sinigrin at a low temperature (0°C) and he stated that 
although traces of allyl thiocyanate were formed the main and 
initial product was the isothiocyanate. 


Gadamer’s Work on the Oils of Black and White Mustard 


In a series of papers of which the most important was published 
in 1897 Gadamer discussed the structure of sinigrin and sinalbin, 
the glucosides of black and white mustard seeds. In that year he 
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proposed a formula for sinigrin (potassium myronate) which satis- 
factorily explained its enzymic hydrolysis by myrosin giving ally! 
isothiocyanate, glucose and potassium hydrogen sulphate. This 
structural formula which is given below (I) held the field for just 
under 60 years and seems never to have been seriously questioned, 
except by Semmler. In reviewing early work on sinigrin'® he does 
not give Gadamer’s formula and appears to have doubts as to the 
interpretation of Schmidt’s low temperature hydrolysis of sinigrin 
See Pra ds 

Gadamer’s formula appears in most recent textbooks of organic 
chemistry along with the evidence on which it was based, which may 
briefly be summarized 

CHOH 


CHOH CHOH 


SCH _CH-CH,OH 
CH,:CH-CH,,N==C 5 
0:S0,0k 


(I) 


(The stereochemical configuration of glucose is not represented.) 

Meyer and Jacobson" only give the empirical formula for sinigrin 
and add significantly (after the equation showing its enzymic 
breakdown) ‘infolge sekundare Reaktionen enthalt das atherische 
Senf6él auch kleine Mengen Allyl-cyanid und Schwefelkohlenstoff’. 

The structure of sinigrin—We may now consider some early observa- 
tions by Will and Kérner® in 1863 and various facts which have 
emerged since then which suggest that not all the decompositions of 
sinigrin can readily be explained by Gadamer’s formula (1897). 

1. Will and Korner confirmed the liberation of free sulphur 
already reported by Ludwig and Lange’ during the decomposition 
of sinigrin by myrosin, but experimental details were not given. Asa 
consequence, however, they concluded that, in addition to glucose, 
allyl mustard oil and potassium hydrogen sulphate, another com- 
pound, free from sulphur, must be produced. Later on, in the same 
paper, they stated that this is allyl cyanide. 

2. When aqueous potassium hydroxide of d. 1-28 is added to dry 
sinigrin the mixture boils and an odour of the mustard oil followed 
by those of allyl cyanide and ammonia is noticed. Ammonia is a 
product of the hydrolysis of nitriles but not of mustard oils. 

3. When sinigrin is heated with aqueous baryta half its sulphur is 
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at once precipitated as barium sulphate. There is no odour of 
mustard oil but further heating again gives ammonia. 

4. When sinigrin is boiled with barium chloride and hydro- 
chloric acid, the barium sulphate removed and the filtrate made 
alkaline, ammonia is evolved and was characterized and analysed as 
ammonium platinichloride. Allylamine, which would be expected 
if sinigrin has the structure proposed by Gadamer, was not detected. 

5. A very significant fact was recorded by Will and Korner as a 
result of their study of the action of aqueous silver nitrate on sinigrin. 
This eliminates glucose from the molecule and a silver compound is 
precipitated to which the formula 

SAg 


CH, : CH-CH,-N=C 


O.SO,-0 Ag 


was assigned later by Gadamer. When this was suspended in water 
and treated with hydrogen sulphide, silver sulphide and sulphur 
were obtained in equivalent amounts; carbon disulphide removed 
half the sulphur from the precipitate. The aqueous filtrate, freed 
from hydrogen sulphide, had a leek-like odourand on distillation gave 
an oil, This was separated, and on fractionation gave allyl cyanide, 
b.p. 117°-118°C, an operation which was carefully checked. It was 
analysed and converted by alkali to ammonia and crotonic acid, 
m.p. 72°C. This formation of allyl cyanide will later be seen to be of 
fundamental importance. 

6. Robiquet and Bussy?® had already found that the oil of black 
mustard seeds contained, in addition to ‘schwefelcyanallyl’, a more 
volatile product lighter than water. Will and Korner by fractiona- 
tion of two samples of natural oil of mustard found allyl cyanide, 
b.p. 118-3°C, in each; the last traces of allyl isothiocyanate, b.p. 
151°C, were removed from the nitrile by dilute cold aqueous 
ammonia which formed thiosinamine, allylthiourea. 

7. Will and Kérner remark in a paragraph which may be quoted in 
the original German that, in effect, the structure of sinigrin (potas- 
sium myronate) may be such as to allow the formation of allyl 
isothiocyanate or allyl cyanide according to circumstances and that it 
is not certain that ‘the mustard oil grouping’ is ‘ready formed’ in the 
potassium myronate. 


‘Es scheint in der That keinem Zweifel zu unterliegen dass die 


Zucker und Schwefelsauregruppen fertig gebildet in der Verbin- 
dung vorhanden sind, fiir die Senfélgruppe ist dass weniger 
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deutlich ausgesprochen. Das Verhalten des myronsauren Kalis 
bei der Gahrung und beim Erhitzen mit Wasser so wie dass der 
Silberverbindung deutet vielmehr darauf hin, dass die Elemente 
des Schwefelcyanallyls in einer Anordnung neben einander liegen, 
dass bei einer Stérung derselben ebensowohl Schwefelcyanallyl 
als Cyanallyl und freier Schwefel auftreten k6hnen. 

‘Die Zersetzung des myronsauren Kalis unter dem Einfluss einer 
Ferments, des Myrosins, ist gleichsam eine aus beiden Fallen gemischte 
Reaktion, es bildet sich neben Schwefelcyanallyl gleichzeitig auch 
Cyanallyl und Schwefel, vorzugsweise aber ersteres.’ 


This conclusion, which we now know to be very near to the truth, 
and its possible implications seem to have been disregarded by all 
later workers on the subject for 93 years. 

The presence of nitriles in natural mustard oils—The presence of allyl 
cyanide in mustard oil (allyl isothiocyanate) is not the only case of 
the simultaneous occurrence of a nitrile and an isothiocyanate in the 
same oil. In 1948 Schmid and Karrer”! isolated sulphoraphene, 


st 
CH,S-CH : CH-CH,-CH,-N : C : S, and the corresponding nitrile 


| 

O 
from radish seeds. Here the glucoside was converted to a silver 
derivative with loss of glucose and the silver compound decomposed 
by sodium thiosulphate giving an oil. Enzymic decomposition of the 
glucoside was not employed, see p. 140. 

A further example of this ‘paired’ occurrence is cited on p. 130. 
Doubtless further instances will be forthcoming and the results of 
Kjaer? and of Zwergal?* are relevant. No one, since the time of 
Will and Ké6rner’s far-sighted but necessarily somewhat vague 
speculations, has suggested an explanation of this simultaneous 
natural occurrence of isothiocyanate and nitrile, nor a simple 
mechanism whereby R-N : G: S might be converted to R-C: N. 
The author stressed the obscurity of the position in a review* 
published in 1949 which may here be quoted. After summarizing 
the work of Schmid and Karrer on sulphoraphene and the analogous 
nitrile he stated: 

‘The isothiocyanate, sulphoraphene, occurs in the seed as a 
glucoside of the usual type 

O-SO,-OK 
/ 
R-N=C 


S-C HO; 
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where R = CH,SO-CH : CHCH,CH,—-; the silver compound is 
presumably RN = C—OSO,OAg. The hydrolysis of such gluco- 


SAg 

sides to an isothiocyanate, glucose and potassium hydrogen sulphate 
is well known. Schmid and Karrer consider that the nitrile also 
arises by decomposition or transformation of this glucoside; the 
mechanism is obscure. They point out that cases are already known 
in which isothiocyanates and nitriles have been isolated from the 
same plant. Thus steam distillation of Lepidium sativum and Tropae- 
olum majus yields benzyl isothiocyanate and benzyl cyanide, and 
from JVasturtium officinale phenylethy1 isothiocyanate and phenylethyl 
cyanide are obtained by the same process. Using the thoroughly 
disintegrated plant the isothiocyanate predominates, otherwise the 
nitrile is the chief product. This would suggest the normal enzymic 
decomposition as a source of the isothiocyanate, whereas steam 
distillation of the more or less intact plant may decompose the 
enzyme before it can react with the glucoside, which may then break 
down in a different manner. The simple conditions under which the 
nitrile and isothiocyanate are produced in these three cases would 
suggest that the rather more drastic method of formation and 
decomposition of a silver salt in the experiments of Schmid and 
Karrer was not the cause of nitrile formation. A direct transforma- 
tion of isothiocyanate by loss of sulphur and isomerization of the 
resulting isonitrile seems improbable, although zsonitriles are known 
to yield nitriles on heating.’ 


THE WORK OF ETTLINGER AND LUNDEEN 
ON SINIGRIN AND SINALBIN 


THE STRUCTURE OF SINIGRIN 


We must now consider the new formula for sinigrin and sinalbin 
put forward by Ettlinger and Lundeen® in the autumn of 1956, 
when it will be at once apparent that the new structure explains not 
only the formation of allyl cyanide in Will and K6rner’s experi- 
ments® and several new reactions of the two glucosides, but also the 
occurrence of nitriles and isothiocyanates in the same essential oil. 
It will also be seen that Will and Korner’s speculations (quoted in 
full above) were surprisingly near the truth. The revised formula for 
sinigrin (II) is shown on p. 122, that for sinalbin as well as the earlier 
formula is given later (see p. 125). 
121] 
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CHOH 


CHOH CHOH 


S: lL ie -CH,OH 
CH, :CH+CHyC~ 5 
N-0-S02-0k 
(It) 
The most striking feature of this new formula is that it requires that 
the allyl group should migrate from carbon to nitrogen during 
enzymic hydrolysis. This will be discussed somewhat later. Ettlinger 
and Lundeen point out that Gadamer’s formula (I) does not explain 
the direct chemical hydrolysis of sinigrin and of its analogue, sinalbin, 
to nitriles and carboxylic acids containing the same number of 
carbon atoms as the zsothiocyanate obtained by enzyme action. 


CHOH 
CHOH CHOH 


SCH _CH-CHOH 
CH,: CH-CH,: N==C 5 
0:S0,0K 
fs 


On Gadamer’s formula amines would be expected. The earliest 
evidence for this statement was provided by the work of Will and 
Ké6rner which is discussed on p.-118 and particularly by that 
outlined in sections 2-5 and 7. The American authors remark that 
the formation of a nitrile (allyl cyanide) from sinigrin or from the 
silver sinigrinate (III) obtained from sinigrin and silver nitrate with 
loss of glucose recalls the 


S-Ag SH 
af 
CH, : CH-CH,:.C R-C 
\ a \ 
N-O.SO,OAg* NOH 
(IIT) (IV) 


behaviour of the analogous thiohydroxamic acids (IV) which were 
studied by Voltmer?®, This author showed that when isothiocyanates, 
mainly of aromatic type, react with hydroxylamine in aqueous 
solution addition takes place and compounds of the type R-NH.-CS. 


122 


THE STRUCTURE OF SINIGRIN 
SH 


i 

NHOH or R-NH-C=NOH are formed which are clearly of 
type (IV). When left for some time or heated in alcohol or at their 
m.p. these compounds lose elementary sulphur and water giving 
arylcyanamides R-NH-CN. This reaction is analogous with that in 
which, according to Will and Korner, free sulphur and allyl cyanide 
in addition to allyl isothiocyanate are formed biologically from 
sinigrin and myrosin, or with the purely chemical reaction of 
hydrogen sulphide on silver sinigrinate. 

With phenyl isothiocyanate and O-ethylhydroxylamine the same 
reaction occurs on boiling the solutions of the addition product: 


CH,-CH,-O-NH, + C,H;N:C:S SH 


Pie 
_> C,H,;NH-CS-NH-O-.CH,-CH, = C,H;NH-C = N.O-CH,-CH, 
_> C,H,;-NH-CN + S + CH,-CH,-OH 


O-benzylhydroxylamine behaves in a similar manner and the 
reaction has been further exemplified by using o0-tolyl or a-naphthyl 
isothiocyanate and hydroxylamine or O-benzylhydroxylamine. 
With allyl isothiocyanate and hydroxylamine no addition product 
could be isolated, but on warming in alcohol a vigorous reaction 
occurred, sulphur was deposited and an oil having the properties of 
allyl cyanamide was produced but was not characterized. 


New Reactions of Sinigrin 


With Raney nickel in water at room temperature sinigrin gives 
n-butylamine which was isolated as the p-nitrobenzoy] derivative in 
47 per cent yield. Acid hydrolysis of sinigrin gave vinylacetic acid, 
CH, : CH-CH,-COOH, presumably by way of the nitrile CH, : 
CH-CH,-CN. These two reactions show the presence of a chain of 
4 carbon atoms in sinigrin and that the allyl group is not linked to 
nitrogen. Alkaline hydrolysis of allyl cyanide gives crotonic acid 
CH,:CH : CH-COOH as was shown by Will and Korner (see p. 119) 
and others. 

Acid hydrolysis of sinigrin yielded also hydroxylamine which was 
obtained in very good yield and identified as the oxime of fluorenone. 
It was determined as the ferric salt of benzhydroxamic acid 


OH 


C,H;C and also by Yamada’s method?’, The hydroxylamine 
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was also detected by paper chromatography after liberation on the 
paper with a mixture of methanol and 6N-hydrochloric acid. This 
formation of hydroxylamine on hydrolysis of sinigrin is impossible 
to explain on Gadamer’s formula but is readily accounted for by 
that of Ettlinger and Lundeen. Its formation is analogous to the 
hydrolysis of numerous aldoxime- and ketoxime-O-sulphonic 
acids R,C=N—O—SO,—OH to which several references are 
cited by these authors. Thus, hydroxylamine sulphate and chloro- 
sulphonic acid give a hydroxylamine O-sulphonic acid which reacts 
with aldehydes and ketones to give the corresponding O-sulphonic 
acids of the oximes?® 


NH,OH + Cl.SO,OH—» H,N—O—SO,-OH > 
RCH =N-O-SO,-OH and R,C=N-O-SO,-OH 


(V) (VI) 


The potassium salt of the aldoxime sulphonic acid (V) with hydro- 
chloric acid gives a nitrile and potassium hydrogen sulphate: 


R-CH=N—O—SO,—OK —> RC=N + HO-SO,-OK 


Re-formation of aldehyde, sulphuric acid and hydroxylamine also 
occurs. 


THE STRUCTURE OF SINALBIN 


The results of Ettlinger and Lundeen have been confirmed by their 
analogous study of sinalbin, the glucoside occurring in the seeds of 
the white mustard. This has a more complex structure than sinigrin 
and instead of yielding potassium hydrogen sulphate on enzymic 
hydrolysis by myrosin it gives, in addition to glucose and the 
mustard oil, p-hydroxybenzyl isothiocyanate HO-C,H,-CH,-N: 
C:S, the hydrogen sulphate of a complex derivative of choline 
known as sinapin sulphate. This has the structure (VII) 


OCH; 
HO 


CHj0\ CH=CH: CO- 0+ CH,- CH,*N(CH3);+0-S0,- OH 
(VIL) 


as is shown by its hydrolysis by barium hydroxide giving barium 
sulphate, choline and sinapinic acid, 4-hydroxy-3 : 5-dimethoxy- 
cinnamic acid (VIII). 
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This is closely related to syringic acid (IX) which is a degradation 
product of many anthocyanins. 


OCH; acu 
HO te - 
CH30\_ YCH=CH- COOH CHO Vooox 
(VOI) (Ix) 


A structure (X) analogous to that of sinigrin had been assigned to 
sinalbin by Gadamer and accepted without question. This is shown 
below along with the modified structure (XI) established by 
Ettlinger and Lundeen. 


= + OCH; 

P-$02—9} (CH,),N- CH,*CH,-O-CO + CH:CH OH 
Ho Sch, ‘N=CO OCH; 

S+CgHy05 (X) 

os + OCH3 

NO: 80;—O} (CHa) N “CH, “CH, 0 CO-CH:CH OH 

OCH; 

Ho? ScH, q 
S*CgHy 05 (XI) 


The American authors found that sinalbin is reduced by Raney 
nickel to tyramine [/p-hydroxyphenylethylamine (XII) J, is hydro- 
lysed to p-hydroxyphenylacetic acid (XIID) and also gives hydroxyl- 
amine with acid. 


HOM _ SCH): CHa: NH; HoC_ScH,: COOH 


( XII ) (XII ) 


Its structure is therefore analogous to that of sinigrin and in both 
cases the enzymic hydrolysis gives rise to a migration from carbon to 
nitrogen which Ettlinger and Lundeen point out is similar to that 
observed in the Lossen rearrangement, in which an alkyl or an aryl 


O 


group of a hydroxamic acid salt R-C migrates from 
\ 
N-O-CO:R’ 
carbon to nitrogen 
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Z 
ff 


R-C 
S % 
N-O-CO-R’ > R-N=C=0O + R’-COO 


Ettlinger and Lundeen point out that an alternative formula for 
sinigrin in which the thioglucose residue is linked to nitrogen is 
highly improbable as a compound of this type 


RiO'SOe0) 
| 
N-S-C,H,,0; 


(XIV) 


could only yield the mustard oil R-N : GC: S by an obscure double 
migration and should moreover yield ammonia on acid hydrolysis 
and not hydroxylamine, as it contains the sulphenamide group, 


CgH10,-8-NC, derived theoretically from the sulphenic acid 
C,H,,O0;-S-OH. The properties of the sulphenic acids and their 


derivatives are well known and have been summarized by 
Kharasch?®. 


Amplification by Later Workers of the Results of Will and Kérner on the 
Decomposition of the Mustard Oil Glucosides and the Nature of the Products 


Ettlinger and Lundeen’s important conclusions concerning the 
structures of sinigrin and sinalbin have so far (May 1958) been 
published only in a short summary. Although enough information 
was presented by Will and Kérner in 1865 to throw doubt on the 
formulae for sinigrin and sinalbin proposed by Gadamer thirty-two 
years later, some of Gadamer’s own results and the modern work of 
Schmid and Karrer®! and of Schultz and Gmelin®® have confirmed 
and amplified the observations of Will and Kérner. These later 
results may be summarized and discussed under three headings. 

1. Evidence for the formation of elementary sulphur and of a 
nitrile during the enzymic hydrolysis of a ‘mustard oil gluco- 
side’, or on the decomposition by reagents of the silver compound 

SAg 
re 
R-C obtained from the glucoside by treatment 
\ 
N—O—SO,:OAg 
with silver nitrate. (Prior to 1956 this was represented by the 
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structure R-N=C which was derived directly from 


O-SO,-OAg 
Gadamer’s formula for the glucoside.) 

2. The diminution in the amount of isothiocyanate and the pre- 
ponderance of nitrile when the Cruciferae are distilled in steam without 
a preliminary and thorough maceration of the plant with cold water. 

3. The presence of carbon disulphide in ‘mustard oils’. 

1. Decompositions of the mustard oil glucosides or the derived silver 
compounds—(a) The silver compounds—The early work of Will and 
KGrner in this connection has been discussed on p. 119. In 1897 
Gadamer*! obtained a crude glucoside from Nasturtium officinale 
(water-cress; German, Brunnen-kresse) which was named gluco- 
nasturtiin. With silver nitrate this gave a crude silver derivative 
which was purified through its addition compound with ammonia. 
When this addition compound was treated with hydrochloric acid 
sulphur was liberated and an aromatic odour resembling that of 
B-phenylpropionitrile was produced. No mention was made of the 
formation of a pungent isothiocyanate in this experiment. 

The addition product formed with ammonia yielded a pure silver 
compound which was analysed and shown to have the composition 
C,H;-CH,-CH,-CN-Ag,S,O0,-2H,O. Analogy with the correspond- 
ing allyl compound suggested the structure (XV) 


SAg 
C,H;-CH,-CH,-N = CG 
=, 
(XV) O-SO,:OAg 


which would now in consequence of Ettlinger’s work be written 


SAg 


C,H,-CH,-CH,-C 
S 
(XVI) N-OSO,OAg 


When this silver compound was shaken with aqueous sodium thio- 
sulphate a strong odour of a mustard oil was produced. Extraction 
with ether yielded an isothiocyanate which was identified as f- 
phenylethyl isothiocyanate by conversion to the corresponding 
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thiourea C,H,-CH,-CH,-NH-CS-NH, by reaction with ammonia. 

This decomposition with sodium thiosulphate was also carried 
out by Gadamer* with the silver compounds from other mustard oil 
glucosides but apparently on a small scale. No mention was made of 
the formation of the nitrile R-CN but only of the isothiocyanate 
R-N : CG: 8S. When the corresponding silver compound from sini- 
grin (silver sinigrinate) was treated with sodium thiosulphate the 
yield of allyl mustard oil (CH, : CH-CH,-N : C: S) obtained by 
extraction with ether was 17-4 per cent instead of the calculated 
figure of 22-15. Here again no mention was made of the formation of 
allyl cyanide. Gadamer remarks that this thiosulphate reaction 
appears to be quantitative but gives no amplification of this state- 
ment. It is doubtful if the scale of his experiments or his technique 
would allow of the detection of the nitrile. 

The use of sodium thiosulphate by Schmid and Karrer”! in order 
to liberate the isothiocyanate sulphoraphene from the silver com- 
pound obtained from the crude glucoside of radish seeds has been 
discussed on p. 120. Here larger quantities of material and adsorption 
chromatography were employed and the corresponding nitrile was 
also isolated. Both the isothiocyanate and the nitrile were obtained 
froma single specimen of the silver compound in the same experiment. 

In some early experiments on the decomposition of the silver 
compounds reference is made only to nitrile formation. The gluco- 
side from the seeds of Tropaeolum majus gave a silver compound which 
with concentrated ammonia formed a crystalline addition product. 
This with sodium hydroxide liberated benzyl cyanide which was 
hydrolysed by alkali and the liberated ammonia determined. With 
hydrochloric acid the same addition compound gave benzyl 
cyanide and sulphur. The nitrile was hydrolysed to phenylacetic 
acid, but no analyses were given and it is difficult to be certain 
whether the conditions were such as to allow of the detection of any 
isothiocyanate which might have been formed. 

Will and Laubenheimer** found in 1879 that sinalbin, the gluco- 
side from the seeds of the white mustard, gave with silver nitrate a 
mixture of silver compounds from which hydrogen sulphide liberated 
what was later shown to be p-hydroxybenzyl cyanide. Sulphur was 
also formed. No mention is made of the formation of the corre- 
sponding isothiocyanate but as it is less volatile than many isothio- 
cyanates it might have escaped notice. 

(b) Enzymic decomposition of the mustard oil glucosides—Gadamer?® in 
1897 confirmed that, as originally stated by Will and Korner’, 
sinigrin with myrosinase yields in addition to allyl csothiocyanate, 
allyl cyanide and sulphur. Carbon disulphide was also recognized 


128 


THE STRUCTURE OF SINALBIN 


and its formation was attributed by Gadamer to the action of water 
on ‘nascent (allyl) mustard oil’. This will be discussed in detail later 
under section (3). 

One of the most satisfactory studies of the enzymic hydrolysis of a 
mustard oil glucoside is furnished by the work of Schultz and Gmelin*4 
at Tubingen in 1954. They separated a glucoside which they named 
glucoiberin from the seeds of Jberis amara. 

Glucoiberin with myrosinase gave free sulphur, a nitrile and 
relatively little zsothiocyanate. The presence of the last two classes of 
compound was proved, however, by infra-red spectrometry. The 
sulphur separated as crystals, m.p. 113°C from the oil extracted 
from the myrosinase reaction. Rhombic sulphur melts at 112-8°C. 
This is the first or almost the first case in which the sulphur, so 
frequently reported as a product of myrosinase action on isothio- 
cyanate glucosides, or of reagents on the related silver compounds, 
has been identified by melting point. 

The other products of the myrosinase reaction were glucose 
(detected by paper chromatography using aniline phthalate), 
potassium and sulphate ions. The potassium was confirmed by 
precipitation of its insoluble compound potassium tetraphenylboron 


K[B(C,H,),| this was done with a specimen which had not been 


eluted from the column with potassium hydroxide. 
The isothiocyanate obtained from glucoiberin could not be purified 
but the authors concluded from the analysis of glucoiberin itself and 


ate —_ 
from its infra-red spectrum that a sulphoxide (S—O) group was 
present. The difference in R, between glucoiberin and _gluco- 
++ 
cheirolin®® which has a chain CH,-:S-CH,:CH,:-CH,°— is similar to 
yon 
oO 0 
that between the sulphoxide and sulphone of methionine CH,-S- 
CH,:-CH,-CH(NH,)-COOH. Schultz and Gmelin concluded that 


oe 
the isothiocyanate of glucoiberin is CH;-S-CH,-CH,-CH,:N :C:S. 
O 


The glucoside, on the basis of Ettlinger and Lundeen’s work, would 
now be formulated as Wen eke 
644115 


+ 


CH,-S-CH,-CH,-CH,-C 
N 
N-O-SO,0-K 


‘oo 
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The isolation of a nitrile and an isothiocyanate from rape seed 
(Brassica napus) has also been achieved, but by two different authors. 
Schmalfuss®¢ in 1936 reported the occurrence of 4-pentenyl cyanide 
CH, : CH-CH,-CH,:CH,-CN in the ‘mustard oil’ from 50 kg. of 
rape seed. He also detected what is now known as 3-butenylzsothio- 
cyanate CH, : CH-CH,-CH,-N : C : Sand traces of B-phenylethyl 
isothiocyanate. A quantity of an isothiocyanate of higher boiling 
point was also obtained which he regarded as C;Hy-N : C : S. This 
has now been isolated by Kjaer and Jensen*’ from crushed rape 
seed, the glucosides being enzymically hydrolysed by addition of 
milled seeds of white mustard. The isothiocyanate of these seeds is 
known to be p-hydroxybenzyl isothiocyanate and no complication 
was caused. The compound C;H,-N:C:S was identified as 
4-pentenyl isothiocyanate CH, : CH-CH,-CH,-CH,-N :G:S by 
paper chromatography and by infra-red spectroscopy of the corre- 
sponding thiourea. It was also synthesized (see p. 154). 

2. The effect of experimental conditions on the relative proportions of 
isothiocyanate and nitrile produced in the enzymic hydrolysis of ‘mustard oil 
glucosides; —A. W. von Hofmann examined several of the ‘mustard 
oils’ obtained from the Cruciferae, e.g. the sec.-butyl isothiocyanate 
CH;-CH,\ 

CH-N : C: S which occurs in Cochlearia officinale L. or 

CHa 
scurvy grass. This plant is mentioned in the municipal accounts of 
Frankfurt in 1587. The optically inactive zsothiocyanate was 
synthesized by Hofmann38. Further references to this compound and 
to the synthesis of the optical isomers are recorded by Semmler!?. 

Hofmann??® also investigated the so-called crotonyl mustard oil 
obtained from the seeds of rape, Brassica napus*®. It was therefore 
with considerable surprise that on steam distillation of Tropaeolum 
majus, Lepidium sativum and Nasturtium officinale, he obtained no 
isothiocyanate but only nitriles. The first two plants gave benzyl 
cyanide and the third $-phenylpropionitrile C,H;-CH,-CH,-CN. 
In each of these experiments the intact plant was used. 

Gadamer* repeated this work and used coarsely crushed speci- 
mens of Tropaeolum majus. The oil resulting from steam distillation 
was treated with ammonia when benzylthiourea was obtained, 
C,H;-CH,-NH-CS-NH,. That portion of the oil which did not 
react with ammonia was distilled in steam, separated and hydrolysed 
with alkali to give phenylacetic acid. 

In a similar experiment with the seeds of L. sativum*! the oily steam 
distillate again gave benzylthiourea with ammonia. Finally using 
Brunnen-kresse (NV. officinale) from Erfurt and thoroughly disinte- 
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grating the material before distilling in steam an oil was obtained 
which with ammonia gave £-phenylethylthiourea C,H;-CH,-CH,- 
NH-CS-NH,. In the last two cases Gadamer does not appear to 
have detected the accompanying nitrile. As explained on p. 121 of 
this chapter the formation of nitrile diminishes as the plant is more 
carefully disintegrated before distillation. If this is not effectively 
carried out much of the enzyme is decomposed before it can react 
with the glucoside which then, to use Gadamer’s own words, 
‘undergoes decomposition only by heat and water giving the nitrile’. 

McDowall, Morton and McDowell® studied the taint produced 
in cream and butter through ingestion by cows of the crucifera 
Coronopus didymus (land-cress.) The results resembled those of 
Hofmann and Gadamer in that varying amounts of benzyl cyanide 
and benzyl isothiocyanate were detected according to the treatment 
to which the plant was subjected. 

Distillation of the whole plant yielded 0-022 per cent of benzyl 
cyanide, identified as phenylacetic acid. A smaller fraction contained 
sulphur and some benzyl isothiocyanate, judging from the refractive 
index. Steam distillation of the chopped and minced plant after five 
hours also gave mainly benzyl cyanide in 0-037 per cent yield. 
There was ‘little evidence of the isothiocyanate’. When the uncrushed 
plant (20 kg.) was steeped in boiling alcohol to destroy enzymes, 
separated, minced and extracted with hot alcohol a clear solution 
was obtained. This with silver nitrate gave a solid which on treat- 
ment with sodium thiosulphate gave ‘almost pure’ benzyl isothio- 
cyanate, identified as the thiourea. The yield was 0-029 per cent. 

When the minced plant was macerated with water and extracted 
with ether the product was mainly benzyl cyanide or else a mixture of 
benzyl cyanide and benzyl isothiocyanate, as indicated by odour 
and by refractive index. This affords further confirmation of the 
formation of both nitrile and isothiocyanate by enzymic fission 
of a ‘mustard oil glucoside’. The silver nitrate method was 
adapted by the authors to the quantitative determination of iso- 
thiocyanates. They also examined garden cress (Lepidium sativum). 
Steam distillation of the uncrushed plant gave benzyl cyanide; 
steam distillation after crushing gave a solid (phenylacetic acid ?) 
and no benzyl isothiocyanate; the silver nitrate method gave an oil 
(0-030 per cent) with the odour and physical constants of benzyl 
isothiocyanate; it gave benzylthiourea with ammonia. 

In all these experiments with the possible exception of that in 
which the crushed plant was extracted with ether, appreciable 
amounts of isothiocyanate were only obtained by the silver nitrate 
method which does not depend on enzyme action. Whether, as in 
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the experiments of Schmid and Karrer with radish seeds (see p. 140), 
traces of nitrile were also produced is not clear. This absence of 
isothiocyanate could be explained if the enzyme were almost absent 
from the plants when the experiments were carried out. 


3. Carbon Disulphide in Natural and Synthetic Isothiocyanates 

Occurrence, detection and determination—One of the earliest accounts 
of the presence of carbon disulphide in natural isothiocyanates is due 
to Hofmann’? who examined allyl mustard oil from Stnapis juncea 
of Russian origin. Passage of air through the oil into alcoholic 
sodium hydroxide removed small quantities of carbon disulphide 
which were thereby converted to sodium xanthate (sodium ethyl 

SNa 
vs 


dithiocarbonate C: 8 ). This was isolated as yellow 


PS 
O-CH,-CH; 
cuprous xanthate. A similar method was employed by Macagno??. 
From a statement by Semmler* it would appear that carbon disul- 
phide is present in many natural ‘mustard oils’ and not only in allyl 
isothiocyanate. Hofmann found that the xanthate method was not 
quantitative, and removed the carbon disulphide from the oil in 
carbon dioxide which was passed into an ethereal solution of triethyl- 
phosphine mixed with aqueous sodium hydroxide. The red precipi- 
CaS 


tate, which has the structure (CH,-CH,) 3P , was weighed. 
es 
S 

By this method the oil from S. juncea was found to contain 0-41 and 
0-37 per cent of the disulphide; that from S. nigra 0-51 and 0-56 per 
cent. Synthetic allyl isothiocyanate prepared from allyl iodide and 
ammonium thiocyanate showed 0-32 per cent. This suggests that 
carbon disulphide arises during manufacture of the oil at some stage 
which is common to both the natural and synthetic preparations. 

Gadamer**-47 found carbon disulphide as well as sulphur and 
allyl cyanide in the mustard oil from the action of myrosinase on 
sinigrin. He also stated that it is formed by the action of hot water 
on isothiocyanates thus: 2R-N : GC: S + 2H,O=2R-NH, + CO, + 
CS,. He also stated that the primary products in this reaction are 
the dialkylthiourea and carbon oxysulphide produced thus: 


R-N:C:S+H,0 = RNH, + COS 
RNH, + RN: C:S = (R-NH),CS 
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The carbon oxysulphide undergoes some hydrolysis to carbon 
dioxide and hydrogen sulphide, a reaction which proceeds slowly 
even at ordinary temperature and is accelerated by acid. The 
hydrogen sulphide probably then reacts with some unchanged 
isothiocyanate to form a dithiocarbamic acid which then breaks 
down to the amine and carbon disulphide: 


R-N:C:S+H,S =R-NH.CS-SH = RNH, + CS, 


This decomposition of the dithio-acid was studied by Ponzio*® and 
can occur at ordinary temperature. 

Sell and Proskauer?*® found as long ago as 1876 that when a stream 
of hydrogen sulphide is passed through phenyl isothiocyanate, 
carbon disulphide and diphenylthiourea are slowly formed at 
ordinary temperature. Allyl isothiocyanate behaved in a similar 
manner, but less readily. The carbon disulphide was detected by 
triethylphosphine. Anschiitz®® also showed that at 40°C hydrogen 
sulphide reacts with ethyl zsothiocyanate to form diethylthiourea and 
carbon disulphide. This was absorbed in ethereal ethylamine and 
characterized as the ethylamine salt of ethyldithiocarbamic acid 

NH-CH,-CH, 
4 
CS 


SH-NH,-CH,:CH, 

These reactions clearly indicate a close relation between iso- 
thiocyanates, hydrogen sulphide and carbon disulphide. Hofmann 
stated in 1880 that ‘perhaps during the manufacture of the mustard 
oil under the influence of steam some is converted to allylamine or 
derivatives such as diallylthiourea on the one hand and to carbon 
dioxide and hydrogen sulphide on the other. The latter may then 
(he does not amplify this statement) give rise to formation of small 
amounts of carbon disulphide’. If carbon disulphide is formed by a 
hydrolytic reaction during steam distillation of the mustard oil its 
presence in both natural and synthetic isothiocyanate would be 
readily explained. 

Wheeler and Merriam® found that phenylzsothiocyanate and 
thiobenzoic acid at 100°C give carbon disulphide and benzanilide 
presumably by way of the benzoyl derivative of a dithiocarbamic 
acid: 

C,H,N :C:S + C,H,-CO-SH = C,H,;-NH-CS-S-CO-C,H, = 
CS, + C,H,-NH-CO-C,H;. With thioacetic acid CH,;-CO-SH, 
acetanilide was isolated. A thioacid R-CO-SH might possibly be 
formed by hydrolysis of a mustard oil glucoside with loss of glucose, 
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sulphate and hydroxylamine and might then react with an 1s0- 
thiocyanate (simultaneously present) as shown on p. 133 giving 
carbon disulphide. 


S-CigH 10; 
CH, : CH.CH,-C + HOH> 
\ . 
N—O.SO,-O 
SH 
- - 
CH, : CH-CH,-C + HO.SO,-O0 + NH,OH 
NN 
O 


The formation of carbon disulphide was thoroughly established 
in two other reactions, namely those between thiobenzoic acid and 
allyl zsothiocyanate and its 2-chloroderivative CH, : CCl-CH,-N: 
ys 

This alternative hypothesis cannot, however, explain the forma- 
tion of carbon disulphide during the synthesis of allyl zsothiocyanate 
from allyl iodide and appears unlikely. 


ENZYMIC AND ‘CHEMICAL’ FISSION OF MUSTARD OIL GLUCOSIDES 


Certain established facts emerge from the foregoing discussion of the 
decomposition of sinigrin by myrosinase and by purely chemical 
means: 

1. Myrosinase gives allyl isothiocyanate, glucose and potassium 
hydrogen sulphate as main products and allyl cyanide, sulphur and 
carbon disulphide (see p. 132) as minor products. The formation of 
both R-N:C:S and R-C=N has also been observed in the 
enzymic decomposition of another glucoside, glucoiberin, where 


of 
R = CH,-S—CH,-CH,-CH,- and there is considerable evidence (see 


O 

pp- 129, 130, 140) that such a paired occurrence is very frequent. 

2. Potassium methoxide eliminates the sulphate anion from 
sinigrin giving potassium sulphate. The thioglucose residue is 
probably simultaneously removed because the silver derivative of 
thioglucose C,H,,O;-S-Ag is obtained by addition of ammoniacal 
silver nitrate to the filtrate after removal of the potassium sulphate. 

3. If silver nitrate only be added to sinigrin a compound ‘silver. 
sinigrinate’ is obtained which almost certainly has the constitution: 
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CH, “ CH-CH,-C 
S 
N-O-SO,-OAg 


(XVIII) 


With hydrogen sulphide this di-silver derivative gives allyl cyanide 
and sulphur; the nitrile is also obtained with hydrochloric acid 
(see p. 119, 127). Allyl isothiocyanate seems not to be produced, or 
else was not detected. It should be readily recognized by its pungent 
odour. On the other hand Gadamer showed that with sodium 
thiosulphate the di-silver compound gives the isothiocyanate and 
formation of the nitrile is not mentioned, but the scale of this early 
experiment of Gadamer’s was probably too small. 

However, the modern work of Schmid and Karrer?! has shown 
that the unpurified glucoside from radish seeds gives a silver com- 
pound which with sodium thiosulphate gives mainly the isothio- 


oo 
cyanate, sulphoraphene, CH,;-S-CH : CH-CH,-CH,:-N: C:S but 


O 
also the corresponding nitrile which are separable on an alumina 
column. 

Discussion of the enzymic decomposition of the mustard oil glucosides—The 
simplest explanation of the action of myrosinase would be to suggest 
that the enzymic decomposition gives only mustard oil and that the 
nitrile arises by a purely chemical hydrolysis of the glucoside. This 
was the view put forward by Gadamer to explain his own and 
Hofmann’s results (see p. 131). If the enzyme plays no part in nitrile 
formation it seems strange that so complete a breakdown of the 
glucoside should occur at ordinary temperature. Possibly, however, 
the purely chemical hydrolysis may be catalysed by the hydrogen 
ions of the potassium hydrogen sulphate. The accumulation of this 
salt during the reaction has been stated to interfere with the action of 
the enzyme. The formation of vinylacetic acid by acid hydrolysis of 
sinigrin by Ettlinger and Lundeen (the corresponding nitrile being 
presumably an intermediate stage in the reaction) supports this 
view of the effect of potassium hydrogen sulphate. 

A second and less simple explanation of the formation of both 
isothiocyanate and nitrile in the enzymic reaction may be mentioned. 
According to this view the action of myrosinase gives rise to both the 
isothiocyanate and the nitrile but one reaction (a) which includes a 
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Lossen transformation and gives the isothiocyanate, predominates 

over that (b) which yields the nitrile and sulphur. Reaction (a) 

would require the preferential attack of the enzyme on the S-glucose 

link leaving the sulphate anion still attached to nitrogen, thus 
SH 


CH, 2 EC . It is known (see p. 125) that the 
\ 2 
N-O-SO,:O 
Lossen transformation is initiated by the elimination of the anion of the 
—N-OX group. In reaction (d) the anion is perhaps preferentially 
eliminated giving rise to the structure 
N-OH 
Va 
CH, : CH-CH,-C 


ne 
S-C.HO; 
Hydrolysis of this compound with loss of glucose yields the thiohydro- 
NOH 
G 
xamic acid CH, : CH-CH,-C which then loses water and 
= 
SH 
gives the nitrile and free sulphur as in the model reactions described 
on p. 123 and conceivably through the unstable sulphenic acid 
H-S-OH. As the thiohydroxamic acid does not contain an acidic 
group linked to nitrogen the Lossen rearrangement does not occur. 
Discussion of the chemical decomposition of the di-silver compounds from 
sinigrin and analogous glucosides—The concept of two competing 
reactions may be applied to explain the behaviour of the di-silver 
compounds obtained from the mustard oil glucosides. Schmid and 
Karrer?! obtained both RN:C:S and R-CN from the silver 
compound prepared from the crude glucoside of radish seeds. The 
action of thiosulphate on the silver compound derived from sinigrin 
(silver sinigrinate) may possibly involve a preferential elimination of 
the silver of the —SAg group, leaving thesulphate anionstillattached  - 
N-O-.SO,OAg 
Va 
to nitrogen CH, : CH-CH,-C and capable of initiat- 
ba 
SH 
ing the Lossen transformation, giving as the main product R-N:C:S. 
If the sulphate anion is also removed the resulting thiohydroxamic 
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NOH 
@ 
acid CH, : CH-CH,-C would then give the nitrile, sulphur 


and water. SH 
This argument assumes that these di-silver compounds are homo- 
N-O-SO,OAg 
GY 
geneous and all have the composition R-C -A 


S-Ag 
modern study of the reaction of silver nitrate with the mustard oil 
glucosides is, however, desirable. 


THE SYNTHESIS OF GLUCOTROPAEOLIN 


In a further important preliminary communication by Ettlinger and 
Lundeen* the synthesis of the tetramethylammonium salt of the 
glucotropaeolate ion (XIX) is described. The product was identical 
with that obtained when an extract of the seeds of Tropaeolum majus 
(containing the glucoside glucotropaeolin, which is a potassium salt) 
was adsorbed on an anion ‘exchange resin’ and eluted with tetra- 
methylammonium hydroxide. 

The method of synthesis shows that the structure of glucotro- 
paeolin is analogous to that established for sinigrin. Apparently all 
the known natural isothiocyanates and thio-oxazolidones (see p. 155) 
arise from precursors of this structural type, though the carbohydrate 
fragment may vary. 

The synthesis may be outlined: Carbon disulphide was treated 
with magnesium benzyl chloride to give the magnesium salt of 
phenyldithioacetic acid (XX). With aqueous hydroxylamine 
hydrochloride at 0°C this was converted to phenyl acetothiohydro- 
xamic acid (XXI). With potassium hydroxide and tetra-acetyl- B- 
glucosidyl bromide in methanol-acetone this gave S--D-1-(tetra- 
acetylglucopyranosyl)-phenylacetothiohydroxamic acid (XXII). 
By the action of sulphur trioxide in pyridine solution the hydrox- 
amic acid was converted to the ion of tetra-acetylglucotropaeolic 
acid (XXIII). This was isolated as the monohydrated potassium 
salt and identified by its m.p. and by comparison of its infra-red 
spectrum with that of a sample prepared from natural sources. It 
was also converted to the tetramethylammonium salt which with 
methanolic ammonia was de-acetylated to anhydrous tetramethyl- 
ammonium glucotropaeolate (XXIV). 
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When this synthetic glucotropaeolate was enzymically hydrolysed 
with a protein preparation obtained from yellow mustard, benzyl 
isothiocyanate was readily obtained in quantitative yield and isolated 
and determined as the corresponding thiourea C,H;-CH,-NH-CS- 
NHg. 

Ettlinger and Lundeen showed that the hydroxamic acid (X XI) 
was stable below 0°C but decomposed after a few days at 30°C. 
At 100°C it deflagrated and formed phenylacetonitrile and free 





S:CeHO5 
CGH, CH,°C <4 
\w-0-S0-0 
(XIX) 
ee ya NH2OH . HCl 
Col CLaMgi Co CoH, enc —— 
N A 
(XX) 
pl 
CéHs - CH2°C —=NOH —— > CegHs -CHp: CxS" CgH7 0(0-COCH3), 
NOH 
Heat (X01) 
( XXII) 
+ 
5 
yo C6Hr O - (OCOCH3), 
CgH, CH, °C NH 
Sw -0—S0,:6 SS 
(XXm) CH;0H 
NH, 
in 
CH 0H 
tM a dhe i. CoH Os 
N-0-S0,6 
(XXIV) 
NOH 
( XXV ) 
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sulphur. Sulphur was quantitatively deposited when a solution in 
methanol was left for 24 hours at room temperature. Reactions of 
this type are characteristic of thiohydroxamic acids and are discussed 
on pp. 122-124. The solid sodium salt of phenylacetylthiohydrox- 
amic acid decomposed during 10 weeks at room temperature giving 
NN’-dibenzylthiourea, a reaction which involves a Lossen trans- 
formation to benzylisothiocyanate followed by reaction with 
benzylamine. 

With ammonia the thiohydroxamic acid (XXII) lost four acetyl] 
groups giving S-£-D-1-glucopyranosyl phenylacetothiohydrox- 
amic acid. This de-acetylated thiohydroxamic acid (XXV) was 
barely attacked by myrosinase or at best at 1/50 the rate at which its 
sulphated derivative underwent cleavage. Benzylisothiocyanate was 
not formed. This result is in accordance with the principles govern- 
ing the Lossen rearrangement as the thiohydroxamic acid (XXV) 
does not contain an acidic group linked to nitrogen (see p. 136). 

Ettlinger and Lundeen remark, without further comment, that 
the probability that the Lossen rearrangement of the glucoside and 
the removal of the glucose and the sulphate are simultaneous suggests 
that myrosinase is not to be regarded as a mixture of a thiogluco- 
sidase and a sulphatase. Presumably they base this view of the 
simultaneous removal of the two groups on their observation that 
very little enzymic reaction occurs when glucose is still present and 
sulphate absent. The author, on the other hand, has suggested on 
p. 136 that the enzyme might preferentially remove the glucose 
residue from the glucosides. 


NATURAL METHANESULPHINYL ISOTHIOCYANATES 


From the time that Gadamer® proposed his structural formulae 
for sinigrin and sinalbin the chemistry of the mustard oils and their 
glucosidic precursors has seemed, until recently, to possess little 
attraction for chemists. Two mustard oils, cheirolin (X XVI) and 
erysolin (X XVII), occurring as glucosides in the yellow wall-flower 
(Chetranthus cheiri) and in the orange variety (Erysimum perowskianum) 
were discovered about 45-50 years ago and attracted some attention 
as they furnished the first examples of the natural occurrence of 
sulphones. 


O O 
a ax 
CH,-S-CH,-CH,-CH,:-N:C:S CH,-S-CH,-CH,-CH,-CH,-N:C:5 
O O 
(XXVI) (XXVIT) 
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Sulphoraphene and the corresponding nitrile—No further examples of 
natural mustard oils containing oxidized sulphur were recorded until 
1948 when, as mentioned on p. 120 Schmid and Karrer* obtained 
sulphoraphene (XXVIII) and the corresponding nitrile (X XIX) 
from the seeds of the radish (Raphanus sativus) 


CH,-S-CH : CH-CH,-CH,-N : C: S and 


O (XXVIII) 


CH,-S-CH : CH-CH,-CH,-CN 


O 0.0.4.0) 


These sulphoxides were optically active owing to the presence of the 


R-S-R’ grouping and afforded the first recorded instances of natural 

: 
products of which the optical activity is solely due to such a linkage. 
(Other cases have now been reported by Kjaer and his school in 
Copenhagen, see p. 146.) Because both the isothiocyanate and the 
nitrile were obtained from the same extract of radish seeds it will be 
necessary to outline the experimental procedure rather carefully to 
emphasize the improbability that the nitrile is formed from the 
isothiocyanate during the process of extraction. 

Radish seeds were ground and extracted three times with a boiling 
acetone-water (3:1) mixture or repeatedly with cold methanol. 
The solvents were removed from the extracts at 35°C and the fat 
then removed from this with petrol. The remaining aqueous liquor 
was cooled in ice and treated with excess of aqueous silver nitrate 
solution and the resulting precipitate again treated with silver 
nitrate solution and finally washed with it. The silver compound 
which may, for the moment, be presumed to have the structure 


4 
CH,-S-CH : CH-CH,-CH,-C—S-Ag 


| | 
O N-O-SO,-OAg 


was added to ice-cold aqueous sodium thiosulphate, the mixture 
filtered and the filtrate extracted with a mixture of ether (peroxide- 
free) and chloroform. This yielded an optically active oil which was 
fractionated at 0-01 mm. Eight grams of this were obtained from 
4 kilograms of seeds and were passed in ether—chloroform solution 
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through a silica-gel column, and eluted with the same solvent, 
saturated with water. Fractions of the eluate chosen for their 
optical rotation were united and fractionated in a high vacuum 


when pure sulphoraphene C,H,ONS,, [<] ee + 108 + 2° was 
obtained. . 
Further elution from the silica-gel column with methanol gave a 


strongly laevorotatory oil [<] approximately —190°. This was 


again passed through silica gel saturated with water and succes- 
sively eluted with various solvents. The fractions obtained with 


ether—butanol contained a pure substance C,H,ONS, [a] S 


—196 + 2° which was shown to be the nitrile corresponding to 
sulphoraphene. 

Structure of sulphoraphene and the corresponding nitrile—(a) Sulphora- 
phene—The structures given on p. 140 are supported by considerable 
evidence. Hot aqueous silver nitrate gives silver sulphide indicating 
the presence of an —N:C:S group. Cold alcoholic potassium 
hydroxide and sodium nitroprusside, even in presence of potassium 
cyanide, give no colour, indicating the absence of thiol and disulphide 
groups; hot alcoholic potash followed by sodium nitroprusside gives 
a reddish-violet colour, due to formation of sodium sulphide from 
R-N:C:S. Only half the sulphur was removed by ammoniacal 
silver nitrate. The isothiocyanate structure was further indicated by 
reaction of sulphoraphene with ammonia, aniline and /f-anisidine 
when three optically active thioureas were obtained having the 
structures 


R-NH-CS-NH,; R-NH-CS-NHC,H;; R-NH-CS-NH-C,H,-O-CH, 
where R = CH,-SO-CH : CH-CH,-CH,—. Aqueous silver oxide 
reacted with sulphoraphene to give the urea (XXX) which was 
reduced by hydrogen and Raney nickel (W,) to the corresponding 
tetrahydro-compound (XXXI). This with hydrogen peroxide gave 
the corresponding sulphone (XXXII) and with Raney nickel (W,)— 
a sample poorer in adsorbed hydrogen—and in absence of added 
hydrogen was desulphurized (see Chapter 3), giving a di-n-butylurea 
(XX XIII) identical with a specimen obtained from di-n-butyl 
thiourea and silver oxide. 


(CH,-SO-CH : CH-CH,-CH,-NH),CO 
(XXX) 
(CH,-SO-CH,-CH,-CH,-CH,-NH) ,CO 
(XXXI) 
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(CH,-SO,-CH,-CH,-CH,-CH,-NH) ,cO 
(XXXII) 
(CH,-CH,-CH,-CH,-NH) ,CO 

(XX XIII) 


Information concerning different preparations of Raney nickel 
and their varying reactivity will be found in Chapter 3. The two 
ureas (XXX) and (XXXI) were optically active but the sulphone 
and the urea (XXXIII) obtained on desulphurization were not. 
Consequently the optical activity of sulphoraphene and its deriva- 


+ 
tives is due solely to the R-S-R’ grouping. This is also in agreement 


O 
with the absence of an asymmetric carbon atom in the structure 
assigned to sulphoraphene. 

A CH,-S— group is indicated by the formation of methane- 
sulphonic acid on oxidation of sulphoraphene with fuming nitric 
acid. The presence of a double bond follows from the result of the 
hydrogenation experiment carried out on the urea derivative 
(XXX). Its position was determined by oxidation of the same 
unsaturated urea derivative with ozone, and of sulphoraphene itself 
with aqueous barium permanganate at 0°C. In each case methane- 
sulphonic acid was formed and isolated as the barium salt. The 
yields were 50 and 71 per cent respectively. Any other position of 
the double bond would have given methylsulphonylacetic acid 
CH,-SO,-CH,-COOH or methylsulphonylpropionic acid CH,- 
SO,:CH,:CH,-COOH which are stated to be stable under the 
conditions of the oxidation. It may be mentioned here that hot 
alkali decomposes methylsulphonylacetic acid to dimethyl! sulphone, 
which would have volatilized during the evaporation of the per- 
manganate oxidation liquors, but the methylsulphonylpropionic acid 
should be stable to alkali. However, during the oxidation with 
barium permanganate the reaction mixture was neutralized with 
carbon dioxide as soon as the temperature rose to 18°C so alkaline 
decomposition is very unlikely. Therefore the absence of the two 
methylsulphonyl-fatty acids may be assumed. Moreover, such compli- 
cations presumably do not arise in the case of oxidation by ozone. 

(b) The nitrile corresponding to sulphoraphene—The structure of the 
nitrile which accompanies sulphoraphene in the oil obtained from 
Raphanus sativoum was assigned to it on the following grounds: it 
gives no silver sulphide with ammoniacal silver nitrate and so 
contains no isothiocyano— group. Boiling with 2N-sodium hydroxide 
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gives 0-73 mole of ammonia. The Zerewitinoff test with magnesium 
methyl iodide indicates the absence of active hydrogen atoms. With 
hydrogen and Raney nickel W, six atoms of hydrogen are taken up, 
of which the first two are absorbed very rapidly indicating the 
presence of an ethylenic linking. Nitric acid (d. 1-5) gives methane- 
sulphonic acid and acid of d. 1-41 succinic acid. The ultra-violet 
absorption spectra of sulphoraphene and the nitrile both show an 
inflexion at about 225 mp which is clearly due to the grouping 
—S*—CH : CH—. The formula 


ite 
O CH,S-CH : CH-CH,-CH,-CN 


i CoxIN) 


which is consequently assigned to the nitrile contains no asymmetric 
carbon atom and, as in sulphoraphene, the optical activity must be 


due to the > SO group. 


RECENT WORK ON NATURAL iSOTHIOCYANATE GLUCOSIDES 


After the publication of this important study by the Swiss chemists 
the interest in mustard oils and their glucosides increased somewhat 
and two parallel investigations by Schulz in Tibingen and by Kjaer 
in Copenhagen were commenced. 

Paper chromatography of isothiocyanate glucosides and thioureas—Both 
groups of workers used paper chromatography to detect glucosides 
in suitable (unhydrolysed) extracts of the seeds, or sometimes of the 
whole plant, and Kjaer has used the same principle for the identi- 
fication of mustard oils. On the whole, however, the Danish work 
has consisted mainly in the isolation and, where necessary, the 
synthesis of the new natural isothiocyanates. 

Mustard oil glucosides in alcoholic extracts of the plant or seeds 
may be recognized by paper chromatography, after development 
with a mixture of n-butanol, acetic acid and water, by spraying with 
N/50 silver nitrate, drying quickly at 100°C and spraying with N/50 
potassium dichromate when the glucosides appear as yellow spots on 
a red ground. Alternatively the sheet may be sprayed with 4 per 
cent potassium hydroxide, dried for 20 minutes at 100°C and 
sprayed with sodium nitroprusside. A blue violet colour which fades 
in a few minutes is obtained. 

Two methods for the paper chromatography of thioureas were 
used by Kjaer and Rubinstein®*. The first employs Grote’s reagent 
which is an aqueous solution containing sodium nitroprusside, a 
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hydroxylamine salt and bromine. This gives an intense blue or 
turquoise colour with a thiourea. In a second method the paper 
was sprayed with starch solution and then with the iodine-azide 
reagent of Feigl. Thioureas catalyse the conversion of free iodine 
and azide ion to free nitrogen and iodide ion; 


I, + 2N,- = 3N, + 21- 


consequently white spots on a blue ground are formed with the 
thioureas. Many compounds containing divalent sulphur catalyse 
this reaction and it may prove of considerable use in their recogni- 
tion. It has been used by Chargaff®4 and his co-workers for the 
detection of cystine, cysteine and methionine, though they omit the 
previous treatment with starch. 


THE SCOPE OF THE RECENT DANISH WORK ON NATURAL 
ISOTHIOCYANATES 


The scope of the work of Kjaer and his colleagues can best be 
envisaged from a consideration of: (1) its botanical aspects; (2) the 
various types of isothiocyanates which have been isolated; (3) 
the methods employed in their isolation; (4) the reactions used in 
the determination of structure and (5) a list of the new zsothio- 
cyanates obtained in the course of this work. 

1. Botanical aspects—Most of Kjaer’s work has been concerned with 
plants belonging to the Natural Order Cruciferae, but recently he has 
examined members of other Natural Orders, e.g. the Cappardiaceae 
and Tropolaceae. 

2. Types of natural isothiocyanates—(a) Simple saturated alkyl 
isothiocyanates of low molecular weight; (b) simple homologues of 
allyl zsothiocyanate CH, : CH-(CH,),-N:C:8; (c) methylthio 
derivatives of alkyl isothiocyanates CH,S-(CH,),-N : C : S; (d) the 
corresponding sulphoxides [methanesulphinylalkylisothiocyanates, 


oo 
CH,S-(CH,),;N: C:S]. It is interesting that two isothiocyanates 


O 


of this type containing alkyl chains of nine and ten carbon 
atoms have recently been isolated by Kjaer; (e) the corresponding 
sulphones [methanesulphonylalkylisothiocyanates CHy-SO,:(CH,),: 
N:G:S]; (f) methanesulphinylalkylisothiocyanates in which a 


double bond is adjacent to the sulphur atom, CH,S-CH : CH-CH,- 


| 
O 
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CH,-N:C:S. Nitriles of similar chain structure have also been 
isolated (see p. 130) ; (g) this class contains benzyl-, 2-phenylethyl- and 
p-hydroxybenzylisothiocyanates which have long been known, to 
which must now be added /-methoxybenzyl- and (h) 2-hydroxy-3- 
butenyl isothiocyanate. This last-named compound CH, : CH- 
CHOH-CH,-N : C : S occurs combined as a glucoside, progoitrin, 
in certain Brassica. On hydrolysis, however, the liberated iso- 
thiocyanate undergoes cyclization giving the 5-vinyloxazolidine-2- 
thione (see p. 158); a similar compound 5 : 5-dimethyloxazolidine- 
2-thione was obtained from the crucifer Conringia orientalis (the hare’s 
ear mustard) several years ago (see p. 155). It may also occur as a 
hydroxylated isothiocyanate (CH,).-C-CH,-N : C: S in glucosidic 


combination. OH 

3. Detection and isolation of isothiocyanates in plants—The hydrolysis 
by the natural enzyme accompanying the glucoside or by added 
myrosinase, followed by noting the resulting odour, is a very simple 
operation. This should be supplemented by steam distillation and 
treatment of a few drops of the resulting volatile oil with strong 
aqueous ammonia or other amine giving a substituted thiourea: 
R-N:C:S + R’-NH, = R-NH-CS-NH:R’. 

4. Characterization and identification of isothiocyanates—The principal 
methods employed for characterization of natural isothiocyanates 
consist in conversion to substituted thioureas by reaction with 
ammonia or amines. The thiourea can be converted to the corre- 
sponding urea by reaction with silver oxide as described on p. 141 thus 
affording further confirmation of identity. The necessary authentic 
specimens of isothiocyanates are readily prepared by standard 
methods, e.g. by the action of thiophosgene on an amine 


CSCI, +“ RNH, =R-N:C:S + 2HCl 


or by the older process in which carbon disulphide reacts with an 
amine to give CS(NHR), which, if R is aromatic, can be decom- 
posed by acid to give the isothiocyanate and the amine hydro- 
chloride, with some triarylguanidine (R-NH),C=N-R as a 
by-product. For aliphatic isothiocyanates the classical Hofmann 
method in which the amine and carbon disulphide react to give the 
alkylamine salt of an N-alkyldithiocarbamic acid R-NH-CS-SH.- 
NH,R which is then decomposed by mercuric chloride to give the 
amine hydrochloride, mercuric sulphide and the mustard oil, is 
very rarely employed. The thioureas can be detected and identified 
by paper chromatography as described on p. 143. Use has also been 
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made of infra-red and ultra-violet spectroscopy for the study of 
isothiocyanates and thioureas. 

5. Natural isothiocyanates recently identified—The new isothiocyanates 
recently isolated from plants or conclusively identified, mainly by 
Kjaer and his colleagues, may now be listed. 

(a) Saturated Alkyl iso Thiocyanates of Low Molecular Weight: 

Methy] isothiocyanate CH,-N: G2s 
Ethyl isothiocyanate CH,-CH,N:C:5S 
Isopropyl isothiocyanate (CH;),CH-N:€:S 
(b) Homologues of Allyl iso Thiocyanate : 
3-Butenyl isothiocyanate CH, : CH-CH,-CH,-N:C:S 
4-Pentenyl zsothiocyanate CH, :CH-CH,-CH,-CH,-N:C:S 
(c) Methylthio-alkyl iso Thiocyanates : 
3-Methylthiopropy! zsothiocyanate 
CH,:S-CH,-CH,-CH,-N:C:S 
4-Methylthiobutyl zsothiocyanate 
CH,-S-CH,-CH,-CH,-CH,-N :C:S 
5-Methylthiopentyl isothiocyanate 
CH;-S-CH,-CH,-CH,-CH,-CH,-N:C:S 
(d) Methanesulphinylalkyl iso Thiocyanates : 
3-Methanesulphinyl]-n-propyl isothiocyanate 
CH,S-CH,-CH,-CH,-N:C:$ 


O 
4-Methanesulphinyl-n-butyl isothiocyanate 
a a 


O 
5-Methanesulphinyl-n-pentyl isothiocyanate 
+ 


| 
O 


9-Methanesulphinyl-n-nonyl isothiocyanate 
+ 
| 


O 
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10-Methanesulphinyl-n-decyl isothiocyanate 
+ 


O 
(e) Methanesulphonylalkyl iso Thiocyanates : 


3-Methanesulphonyl-n-propy] isothiocyanate (cheirolin) 
O 


| 
ar 
CH,-S-CH,-CH,-CH,-N : C: S 


O 


4-Methanesulphonyl-n-butyl isothiocyanate (erysolin) 
O 


or 
CH;:S-CH,-CH,-CH,-CH,-N aS 
| 
O 
(f ) Unsaturated Methanesulphinyl iso Thiocyanates : 
4-Methanesulphinyl-3-buteny] isothiocyanate (sulphoraphene) 
CH,-S-CH : CH.CH,-CH,-N:C:S 
| 
O 
(g) iso Thiocvanates containing Aromatic Nuclei: 


o-Methoxybenzyl1 isothiocyanate 


em 


CH,°N:C:S 


p-Methoxybenzyl tsothiocyanate 
OCH; 


3-benzoyloxypropyl tsothiocyanate 
C,H,;-CO-O-CH,-CH,-CH,:-N :C:5 
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(h) 2-Hydroxyalkyl (or alkene) iso Thiocyanates : 
2-Hydroxy-3-butenyl zsothiocyanate > 
5-vinyl-oxazolidine-2-thione 

city NA 
CH,: CH:CHOH - CH,- N:C:S er ah Mae 


2-Hydroxy-2-methylpropyl isothiocyanate > 
5 : 5-Dimethyloxazolidine-2-thione 
CH, cHy—N 
Cth NICs ne crecemnee 


Za Na 


CH3 On 0 


H 
=s 


This type of zsothiocyanate which, on liberation from its glucoside, 
undergoes cyclization to an oxazole derivative will be discussed later 
and an account of the corresponding glucosides will also be given. 


EXPERIMENTAL DETAILS OF RECENT WORK ON THE SEPARATION 
AND IDENTIFICATION OF SOME TYPICAL NATURAL 
ISOTHIOCYANATES AND MUSTARD OIL GLUCOSIDES 


Methyl isoThiocyanate and its Glucoside Glucocapparin®>»5*—The finely ground 
seeds of Cleome spinosa were freed from fat by extraction with a mixture of 
ligroin and isopropanol. The residue was exhaustively extracted with 70 per 
cent methanol and then with pure methanol. After filtration, concentration 
in vacuo and renewed filtration, the solution was twice chromatographed, 
first on neutral, and then on anionic, alumina which quantitatively retained 
the glucoside. After washing with water the column was eluted with 
potassium sulphate solution (1 per cent). The eluate was evaporated in 
vacuo and the glucoside extracted with hot methanol and purified by 
crystallization from 80 per cent ethandél. It had the composition C,H,,0, 
NS.K and its infra-red spectrum was measured. 50 Mm.g, in/2iceegh ae 
phosphate buffer (pH 6-6) was treated with a drop of a myrosinase solution. 
Next day the mixture was distilled in steam and the volatilized mustard oil 
converted to the thiourea with ammonia which was identified as N-methyl- 
thiourea H,N-CS:NH:CH, by paper chromatographic comparison in two 
solvent systems with an authentic specimen. The ultra-violet spectrum 
coincided with that of N-methylthiourea. The formation of this thiourea 
was further confirmed by analysis and by m.p. and mixed m.p. determina- 
tions. A solution of glucocapparin was hydrolysed enzymically, evaporated 
to dryness and the residue extracted with methanol. The insoluble part 
contained inorganic sulphate and the methanol contained glucose which 
was detected by paper chromatography. 


Glucocapparin was acetylated with acetic anhydride in pyridine, 
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the tetra-acetate analysed and the structure confirmed by ultra- 
violet and infra-red spectroscopy. Hydrolysis with methanolic 
ammonia at 0°C regenerated glucocapparin which was satisfactorily 
identified. 

By similar methods the presence of ethyl isothiocyanate’, 
combined as a glucoside, has been detected in the seeds of Lepidium 
Menziesti DC. Dragendorff*’ in 1898 referred to the use of various 
members of the Capparidaceae as spices and remedies in folk-medicine, 
and the presence of volatile constituents has been suspected for 
some time. 


isoPropyl iso Thiocyanate—The presence of this isothiocyanate in glucosidic 
combination was recognized® in the seeds and fresh plant material of many 
members of the Cruciferae. The chromatographic methods already described 
on p. 143 were used in a preliminary survey. Thoroughly ground seeds of 
Lunaria biennis Mach. were treated with a hot mixture of light petroleum and 
ethanol in order to denature the myrosinase. Otherwise it was found that 
this caused hydrolysis of the glucosides during the necessary exhaustive 
extraction of fat from the seeds with petroleum ether. It is not stated at 
what temperature this extraction was carried out. 

Enzymic hydrolysis of the residue with a cell-free myrosinase preparation 
gave an intense odour. The mustard oil was treated with ammonia, and the 
product was shown to be identical with N-isopropylthiourea. 


Isopropyl isothiocyanate occurs in certain other Cruciferae and in 
the seeds of Tropaeolum peregrinum (canariense)®® belonging to the 
family Tropaeolaceae. In two cases it seems to be accompanied 
by sec-butyl isothiocyanate, CH;-CH,-CH(CH,)-N:C:S. 


4- Methylthiobutyl iso T hiocyanate—Kjaer and Gmelin®® have established the 
presence of this isothiocyanate in the seeds of Eruca sativa Mill. The compound 
was obtained by steam distillation of an intimate mixture of the ground seeds 
and water previously kept at 35°C for 3 hours. The natural enzyme of the 
seeds effected the hydrolysis of the, as yet, uncharacterized glucoside, gluco- 
erucin. Treatment of the distillate with ammonia gave a thiourea which 
was identified as N-(4-methylthiobutyl)-thiourea by m.p. and mixed m.p. 
and by analysis. Infra-red spectroscopy and paper chromatography applied 
to the natural and a synthetic specimen gave identical results. 


The new isothiocyanate was synthesized from allyl cyanide which, 
in presence of ultra-violet light and a trace of benzoyl peroxide, 
reacted with methanethiol to give (contrary to Markownikoff’s 
Rule) y-methylthiobutyronitrile in 92 per cent yield. Reduction 
with lithium aluminium hydride in dry ether gave the corresponding 
6-methylthio-n-butylamine which with thiophosgene in chloroform 
in presence of sodium hydroxide gave the desired isothiocyanate. 
This was characterized as the benzylthiourea: 
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CH,-SH LiAlH, 
CH, : CH-CH,-CN —-—> CH, S-CH,-CH,-CHy:CN ———> 
1V 


CSCI 
CH,'S-CH,-CH,-CHy CHyNH, ———> CH,-S- CH: CH,:CH,: 


a 
C,H,-CH,-NH, 
CH,-N 2 Op S —= === _ GH, S.CHECH Gia Grati 


CS-NH-CH,-C,H; 


Kjaer and Conti®™ showed that the addition of methanethiol to 
allyl cyanide takes place as shown above by oxidizing the 6- 
methylthio-n-butylamine to the corresponding sulphone CH;-SO,- 
CH,-CH,:-CH,-CH,-NHg, as described by Schneider and Kauf- 
mann*®. The product was identical with a specimen prepared by 
these authors by a different and unambiguous route, which may be 
outlined: 

y-Chloro-n-propyl bromide with potassium cyanide gave the 
nitrile which with sodium methyl mercaptide yielded the methyl- 
thionitrile. This with sodium and alcohol was reduced to the 
desired amine (XXXIV): 


KCN CH,:S:Na 
Cl.-CH,-CH,-CH,-Br ———> Cl-CH,-CH,:-CH,:-CN —————__> 
Na + C,H,OH 
CH,-S-CH, CHs CH, CN = CH tH Gee 
aS (XXXIV) 
KMnO, 

—> CH,-.SO,-CH,-CH,-CH,-CH,-NH, 
(XXXV) 
CH,-SO,-CH,-CH,-CH,:CH,-N:C:S 
(XXXVI) 


Schneider and Kaufmann® converted the 6-methylsulphonyl 
butylamine (XX XV) to erysolin (XXXVI) by means of carbon 
disulphide, iodine and alkali, the product being identical with the 
natural isothiocyanate which they had isolated from seeds of the 
crucifer Erysimum Perowskianum Fisch et M. 

The amino sulphone (XXXV) prepared from allyl cyanide by 
Kjaer and Gmelin’s method was also converted by Kjaer and Conti 
to erysolin by Dyson’s thiophosgene reaction. It was identical with 
Schneider and Kaufmann’s product. This afforded not only a 
second synthesis of erysolin but further proof that the addition of 
methanethiol to allyl cyanide in presence of benzoyl peroxide and 
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ultra-violet light proceeds as stated by Kjaer and Conti®. No 

reaction took place between allyl cyanide and methanethiol in 

presence of sodium methoxide. = 
(—)-9-Methanesulphinyl-n-nonyl isothiocyanate: CH3-S-(CH,),N:C:S 


O 
—On examination by paper chromatography of extracts prepared 
from the seeds of the crucifer Arabis alpina Schulz and his colleagues 
Gmelin®* and Wagner® detected two glucosides. One of these, 
glucoarabin, was then shown by Kjaer and Gmelin® to yield a very 
interesting isothiocyanate. Purified methanolic extracts of the seeds 
were enzymically hydrolysed at pH 6-5 giving an isothiocyanate 
(XX XVII) which after extraction with ether was converted to three 
optically active, homogeneous thioureas by reaction with ammonia, 
aniline and benzylamine respectively. The infra-red spectrum of 
the simple thiourea R-NH-CS-NH, indicated the presence of an 


so linkage. By a series of reactions now to be outlined it was 


oo 
shown that the group R was CH,-S-(CH,),—. The optically active 


O 

benzylthiourea (XX XVIII) was converted with silver nitrate to the 
corresponding urea (XX XIX) which was also optically active and 
still contained sulphur. Reduction of this with zinc and hydro- 
chloric acid gave an optically inactive benzylurea (XL) from which 
Raney nickel removed sulphur giving a urea derivative (XLI) 
which was shown to be identical with a specimen of |-benzy1+3-nonyl 
urea CH,-(CH,),-CH,-NH-CO-NH-CH,-C,H,;. This was synthe- 
sized from benzyl isothiocyanate and n-nonylamine CH,(CH,),- 
CH,-NH, followed by exchange of the sulphur in the resulting 

thiourea for oxygen by means of silver nitrate. 
+ C,H,-CH,NH, 
CH,-S-(CH,),-N : C : S —————_—> 


| 
O (XXX VIL) 
-(CH,),-NH-CS-NH-CH.-C,H; 


S 
| 
O (XX XVIII) 


AgNO, Zn + HCl 
> CH, 'S.(CH,),-NH-CO-NH:-CH,-C,H, ———_—> 


O (XX XIX) 
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Ni 
CH, -S-(CH,)):-NH-CO-NH-CH,-C,H; —> 


(XL) 


CH,-(CH,),-NH-CO-NH-CH,-C,H; 


XLI 
( ) AgNO, 


CH,-(CH,),NH, + CH,-CH,:N : C : S > CH,(CH,)-sNH-CS- 
NH.CH,-C,H; 


The absence of the \s—O group in (XL) was confirmed by infra-red 
spectroscopy. 

These results indicate that the isothiocyanate from glucoarabin has 
a methanesulphinyl group attached somewhere on the n-nonyl chain, 
the exact position not being ascertainable from the procedure 
adopted. Since so many analogous natural isothiocyanates contain a 


CH,S— or CH S—O group at the endof thealkyl chain it seemed very 
ae 
probable that the new isothiocyanate had the structure CH,S-(CHg),- 


O 
N : G:Saconclusion which (the authors added in a footnote) was 
later confirmed by synthesis. 
In the transformations described above the optically active urea 
or thiourea derivatives were all strongly laevorotatory and the 
+ 


optical activity must be ascribed solely to the R-S-R’ grouping, as in 


O 
sulphoraphene (see p. 142). Paper chromatography showed that the 
glycoside glucoarabin contains glucose and sulphate. , 
(—)-10- Methanesulphinyl-n-decyl isothiocyanate : CH3°S:(CH,) 9*CH,° 


O 
N : C: S—This optically active (laevorotatory) isothiocyanate has 
been isolated®* by enzymic hydrolysis of a new glucoside, gluco- 
camelinin, which occurs along with a similar, but as yet unidentified, 
glycoside in the seeds of the crucifer Camelina cativa (L) Crantz. The 
glucosides were detected by paper chromatography, separately 
eluted from the paper and subjected to enzymic hydrolysis. A 
spectrophotometric examination of the liberated isothiocyanates was 
then made. The isothiocyanates were not of the volatile type. 
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Quantities sufficient for chemical and physical examination (by 
reactions entirely analogous with those employed for the 9-methane- 
sulphinyl derivative—see p. 151) were obtained by enzymic hydrolysis 
of a specimen of the ground seeds which had been treated with 
aqueous lead acetate to precipitate impurities. 

The structure of the new isothiocyanate was confirmed by con- 
version to the urea 


CH, -S:(CH;),)-NH:CO-NH.-CH,-C,H, 


An authentic specimen of this was obtained from the methyl ester 
of undecenoic acid (XLII) which by an irradiated reaction with 
methanethiol gave a methylthio ester from which with hydrazine 
hydrate a hydrazide (XLIII) was obtained. By conversion with 
nitrous acid to the acid azide (XLIV) and by boiling with alcohol 
and subsequent hydrolysis the hydrazide was converted through the 
urethane to 10-methylthiodecylamine (XLV). This gave a thiourea 
with benzyl isothiocyanate. Desulphurization of this thiourea 
derivative (XLVI) gave the required 1-benzyl-3-(10-methyl 
thiodecyl)-urea (XLVII) which was identical with the product 
obtained from the new isothiocyanate 


CH,SH 
CH, : CH. (CH,)sCOOCH; ——> 
V 
(XLII) CH,-S-CH,-CH,:(CH,).;COOCH, 
N,H,:H,O 
es Ch. .8.(CH,),,CONH-NH, 
(XLII) 
HNO, 
eee SCH. -S-(CH,),;,00-N, 
(XLIV) 


C,H,CH,;N:G:5 
a Cela ag 


(XLV) 

AgNO, 

CH, -S-(CH3)19.NH-CS-NH-CH,-C,H; ———> 
(XLVI) 


CH,-S-(CH,) 49. NH-CO-NH-CH,-C,H;. 
(XLVII) 
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The addition of methanethiol in the first stage of the synthesis was 
catalysed by benzoyl peroxide and mercuric acetate in ultra-violet 
light (see p. 150). 

4-Pentenyl isothiocyanate: CH, : CH-CH,-CH,-CH,-N : C: S—In 
1937 Schmalfuss®? fractionated the mustard oil from 50 kilograms of 
rape seed and obtained 4-pentenyl cyanide CH, : CH-CH,:CH,: 
CH,:-CN and what is now known as 3-butenyl zsothiocyanate 
CH, : CH-CH,:CH,-N : GC: S and also a higher boiling product, 
presumably C;H,N : C:S and finally traces of phenylethyl iso- 
thiocyanate. This work, which has been confirmed by Kjaer and 
Jensen, is particularly interesting on account of the isolation of a 
nitrile having the same chain of carbon atoms in the hydrocarbon 
residue as the accompanying zsothiocyanate. 

Kjaer and Jensen®® mixed ground rape seed cake with water and 
white mustard seeds as a source of myrosinase. (The seeds them- 
selves gave only traces of volatile isothiocyanates.) Steam distilla- 
tion followed by fractionation yielded 3-butenyl isothiocyanate and 
then almost pure C;H,N : C : S as found by paper chromatography 
of the corresponding thiourea which was shown by infra-red spectro- 
scopy to contain a vinyl group. 

The a-naphthylthiourea (XLVIII) with silver nitrate gave an 
a-naphthylurea which with hydrogen and a platinum catalyst gave a 
dihydroderivative. This was identical with the product obtained 
from n-amylamine and a-naphthylisocyanate. The chain in the new 
isothiocyanate was thus shown to be unbranched and the compound 
itself to be CH, : CH-CH,-CH,-CH,-N : C: S. 


C,)H,-NH, 
C,H,N : C : S ———_> C,H, -NH-CS-NH.C,,H, 


(XLVIII) 


AgNO, Pt 
> GH NEH- CONE GE qk C;3H,,-NH-CO-NH.C,,H, 
2 


CH,-CH,-CH,-CH,-CH,-NH, + C,,H,-N: C:O 


4-pentenyl isothiocyanate was synthesized from tetrahydrofury| 
alcohol which was converted to 4-penten-1-ol®9 and this to 4-penteny] 
bromide’®. By Gabriel’s phthalimide reaction followed by hydra- 
zinolysis the 4-pentenylamine was formed. With thiophosgene this 
was converted to the corresponding isothiocyanate (XLIX) and 
then with a-naphthyl amine to the desired thiourea (XLVIII) 
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CH, CH—CH,OH 
oe 
O 


PBr 
CH, : CH-CH,-CH,-CH,-OH ——> CH, : CH-CH,-CH,-CH,-Br 


C,H,(CO),NK GSCI, 
es Cr CH..CH, Cl, .Ni,——_> CH, CH- 
NH,;NH, 


CH,-CH,-CH,:-N :G:58 
(XLIX) 


GLUCOCONRINGIN. AN 1SOTHIOCYANATE GLUCOSIDE WHICH YIELDS 
5 : 5-DIMETHYLOXAZOLIDINE-2-THIONE ON ENZYMIC HYDROLYSIS 


Kjaer and his school”! have isolated a new glucoside from the seeds 
of the crucifer Conringia orientalis which they name glucoconringin. 
The plant is a common weed in Canada and is known as hare’s ear 
mustard. The glucoside was detected in an acetone extract of the 
seeds by paper chromatography and shown by the usual methods to 
yield glucose and sulphate, with myrosinase. It was characterized 
as the crystalline tetra-acetate which regenerated glucoconringin on 
treatment with alcoholic ammonia at room temperature. On enzymic 
hydrolysis the glucoside yielded, in a small scale experiment, a product 
which was shown by its absorption spectrum and by paper chromato- 
graphy to be 5 : 5-dimethyloxazolidine-2-thione (Ge 

Paper chromatography also revealed the presence of glucocon- 
ringin in three species of the genus Cochlearia. ‘The seeds of Cochlearia 
officinalis are the best source of the glucoside, and were used for the 
isolation of the dimethyloxazolidinethione in larger amount, by a 
method similar to that employed by Astwood, Greer and Ettlinger” 
(see p. 158) for the isolation of the corresponding vinyl derivative 
(LI). Kjaer and his colleagues refer to a method for the recognition 
of compounds of the oxazolidinethione type by paper chromato- 
graphy. 

Synthesis of the cyclic thione—The 5 : 5-dimethyloxazolidine-2-thione 
was synthesized from acetone cyanohydrin which was reduced by 
lithium aluminium hydride to 9-aminomethyl-2-propanol (LIT). 
By reaction of this with carbon disulphide and ethyl chloroformate 
in dioxan in presence of triethylamine, by Kaluza’s method”*,”4 ring 
closure to the oxazolidinethione (L) occurred: 
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CH,—NH CH, —NH CH, _,CH,-NH, 
este Soc CH,:CH:CH  C==S A 
\o% No” ch, ‘ow 
(L) (LI) ) (LII) 
CH, CH, NH 
CS2 a mS Cl+CO+OC2"Hs 


(CH,),C_  C=S + COS + C,H50H 





The synthetic product was identical with that obtained from the 
glucoside occurring in the seeds of Cochlearia officinalis and Conringia 
orientalis. 

Hopkins’ work on the cyclic thione—The same dimethyloxazolidine- 
thione had already been isolated in 1938 from the seeds of the hare’s 
ear mustard by Hopkins?® who employed a very similar method but 
was unable to purify the parent glucoside. 

Hopkins identified his 5 : 5-dimethyloxazolidine-2-thione by 
comparison with a synthetic specimen prepared by Bruson and 
Eastes7® by a method very similar to that employed later (see p. 155) 
by Kjaer et al., namely the action of aqueous ethanolic potassium 
hydroxide and carbon disulphide on (LII). Both the Danish 
workers and Hopkins emphasize the unusual observation that a 
glucoside occurring in a member of the Cruciferae should not yield an 
isothiocyanate on enzymic hydrolysis. Hopkins states ‘it is not 
unlikely, therefore, that the substance 2-mercapto-5 : 5-dimethyl- 
oxazoline is formed from the isothiocyanate CH, =C(CH,)-CH,— 
N:C:5S by addition of water and ring closure’. 


CH, 
II 

CH,—C HOR S °°: -_H — (CH3), roi eee 
CH, —N CH,—N 
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Hopkins preferred the mercapto-structure for this oxazole derivative 
but gave no reason. Later, Ettlinger’? showed by infra-red spectro- 
scopy that the thione structure should be assigned to it. Hopkins 
pointed out that this change has never been observed during the 
hydrolysis of sinigrin, which yields the unsaturated allyl isothio- 
cyanate CH, : CH-CH,-N :C:S, but that according to Bruson 
and Eastes the presence of a tertiary carbon atom at the double bond 
facilitates ring closure of aliphatic isothiocyanates and thioureas. 
Kjaer et al. have found, however, that synthetic 2-methylallyl 
isothiocyanate shows no tendency to addition of water and to ring 
closure. Moreover, the ultra-violet absorption spectrum of an 
extract of the seeds of Conringia orientalis disclosed the presence of 
only one glucoside which exhibited an absorption spectrum of the 
usual type, resembling that of sinigrin. This showed that chromo- 
phores such as the heterocyclic ring system of the dimethyloxazolidi- 
nethione could not be present in glucoconringin. Kjaer, Gmelin 
and Jensen, therefore, suggest that the formula for the glucoside 
(represented as its acetyl derivative) is as shown below. ‘Their paper 
was published prior to Ettlinger and Lundeen’s correction of the 
formula for sinigrin and as Kjaer accepts the new formula for the 
mustard oil glucosides the author has modified the structure to 
show the hydroxy-alkyl group linked to carbon instead of nitrogen: 


x + 
CH, NO: sO;O K 
e— ch, —¢ 0 
cA,| OAc H ce | 
OH | 


The fact that the hydroxyl group in the alkyl chain is not acetylated 
by acetic anhydride in pyridine is attributed to its tertiary character. 
The infra-red spectrum of the tetra-acetate did not, however, show 
any band attributable to this tertiary hydroxyl group. This Kjaer 
et al. attribute to association. The ready regeneration of glucocon- 
ringin from its tetra-acetyl derivative (see p. 155) appears to exclude 
changes of structure during acetylation. They conclude therefore 
that the 5 : 5-dimethyloxazolidine-2-thione arises by cyclization of 
the 2-hydroxy-2-methylpropyl isothiocyanate (LIII), initially 
formed during enzymic hydrolysis. It would be interesting to 
determine whether a synthetic specimen of (LIII) also undergoes 
cyclization, so deciding whether the change is enzymic or not. This 
cyclization can be measured. It was spectroscopically established 
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that a partly purified specimen of glucoconringin, submitted to 
enzymic hydrolysis, gave only a 40 per cent yield of the cyclic 
compound in 4 hours at room temperature; 24 hours were required 
for completion of the isomerization. From analogous cases 1t appears 
improbable that the enzymic hydrolysis is the rate-determining 
factor in this reaction. 


CH, 
a CHase N:c:S —er CH, is td 
CH; | Ne C—15 
OH ao 
CH; nl 


PROGOITRIN. AN isSOTHIOCYANATE GLUCOSIDE WHICH YIELDS 
GOITRIN (L-5-VINYLOXAZOLIDINE-2-THIONE) ON ENZYMIC HYDROLYSIS 


Studies on the goitrogenic effects of various foodstuffs on man have 
shown that the antithyroid effect of rutabaga and turnip and their 
seeds seems to be due to a compound liberated by enzymic hydro- 
lysis of the crushed seeds from a precursor. Both rutabaga and 
turnip have an inhibitory effect on the uptake of radio-iodine in 
man. The effect is not observed if the vegetables are cooked before 
being fed. Greer78-8° has isolated this anti-thyroid compound and 
shown it to be L-5-vinyloxazolidine-2-thione (LIV). It was named 
goitrin and the glucoside precursor, progoitrin. This compound is 
closely related to the 5 : 5-dimethyloxazolidine-2-thione (L) 
isolated from hare’s ear mustard. 

The concentration of progoitrin is highest in the seeds. Goitrin 
is not liberated if the seeds are plunged in hot water, but if they are 
then cooled and filtered and treated with myrosinase, goitrin is 
liberated. Greer isolated progoitrin from ground seeds of rutabaga 
by removing fat with dry ether and then treating with boiling water 
for 30 minutes. The extract was evaporated and protein removed by 
alcohol. Repeated chromatography of the alcoholic extract on 
alumina finally gave pure crystals. On treatment with myrosinase 
stoichiometrical proportions of goitrin, glucose, sulphate ion and 
sodium were formed. Greer, therefore, proposed the tentative 
formula (LV) for progoitrin which when modified in the light of 
Ettlinger and Lundeen’s formula for sinigrin becomes (LVI). The 
2-hydroxy-3-butenyl isothiocyanate (LVII) which is presumably 
formed on enzymic hydrolysis undergoes cyclization to the oxazo- 
lidinethione derivative (LIV). 
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- + 
CH,—NH 0-SO,°0 Na 
| | C—S-C,H,,0 
CH,: CH-CH cs || es 
N -CH, - CHOH - CH: CH, 
0 
(LIV) (LV) 


CH,-CHOH - CH: CH, 


C—S-C,H, 0, 
| om CH2:CH: CHOH -CH,-N:C:S 
N°0°SO,:O Na 

( LVI ) ( LVI ) 


Progoitrin has a specific absorption at 227 my which is very similar 
to that of sinigrin; the spectral shift to 240 my during enzymic 
hydrolysis indicates cyclization to goitrin. 
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BIOLOGICAL METHYLATION WITH 
PARTICULAR REFERENCE TO COMPOUNDS 
OF SULPHUR 


INTRODUCTION 


In the strictest sense the term ‘biological methylation’ implies 
either, (1) the transfer under biological conditions of an intact 
methyl group from a compound (A) to a second compound (B), 
or (2) the fission under biological conditions of some compound 
(C), not necessarily containing a methyl group, so as to eliminate 
a molecule such as formaldehyde or formic acid, a ‘one carbon 
fragment’. This is finally captured by a compound (D) and after- 


wards the resulting group, e.g. —CH,OH or H—C=O is reduced 
to —CHs3. 

In (1) compound (A) is known as a methyl donor and the process 
is a true transmethylation; in (2) compound (C) is called a methyl 
source and the term transmethylation is, perhaps, better not 
employed to designate the process. This chapter presents a dis- 
cussion of such reactions, as observed in animals, higher and lower 
plants and in micro-organisms with particular reference to com- 
pounds of sulphur. Much work has been carried out on the 
mechanism of these processes and, although a great deal remains to 
be learned about the intermediate stages, the use of isotopic in- 
dicators has thrown considerable light on the main lines along 
which biological methylation proceeds. The author has reviewed 
the progress of research in this field'-> and du Vigneaud has 
published a valuable account of the historical development of the 
study of methylation processes in animals®. 

Simple organic compounds of sulphur such as methanethiol 
CH,;SH? and dimethyl sulphide’ CH,-S-CH, or more complex 
aoe atives, e.g. methionine CH,S- CH, CH, CH(NH,)-COOH, 


or a dimethyl- B- -propiothetin Salts (CH,) 8(X X)-CH,-CH,-COOH 
are very closely involved with the phenomena of Biclngieat methyl- 
ation. It will therefore be necessary to present a preliminary 
account of the development of the study of methylation processes 
in general before describing the recent important advances in 
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which methionine and related compounds have played so dominant 
a part. 

The importance of the methyl group in organic and biochemistry 
is apparent from a consideration of some of the commonest natural 
products. Trimethylamine occurs in the blossom of the hawthorn, 
Crataegus oxyacantha, the goosefoot, Chenopodium vulvarea, and in 
herring-brine where it probably arises by bacterial reduction of 


ae = 
trimethylamine oxide (CH,),N—O, which is an ingredient in the 
tissues of many fish and of the muscle of crabs and lobsters. The 
corresponding quaternary ammonium base, tetramethylammonium 
hydroxide (CH;), N-OH, and also methylpyridinium hydroxide are 
elaborated by the sea-anemone, Actinia equina!*. The presence of 


: 
choline (CH3),N(OH)-CH,-CH,OH in plant and animal tissues 


+ 
is well known. Theclosely related compound betaine (CH,),N-CH,: 


COO occurs not only in sugar beet but also in many marine animals. 

Greatine NH,-C(:NH)-N(CH,;)-CH,-COOH found in the muscle 
of animals, has received much attention from biochemists especially 
in its relation to methionine CH,:S:‘CH,-CH,-CH(NH,)COOH. 
This amino acid, isolated from protein by Mueller!? and synthesized 
by Barger and Coyne! has now acquired immense importance in 
biochemistry. It is converted in the body to cystine COOH-CH 
(NH,)-CH,-S:S-CH,-CH(NH,):COOH by a remarkable reaction 
in which serine HOCH,:CH(NH,)-COOH is involved. Methionine is 
doubtless the precursor of the methyl sulphone zsothiocyanate cheirolin 
CH,-SO,:CH,:CH,:CH,:N : C: S which occurs in the wallflower?®. 

The occurrence of —NCH, and —OCH, groups in alkaloids is so 
well known as to need no illustration by examples. In addition to 
these compounds, numerous natural products such as vanillin (I) 
eugenol (II) and anethole (III) contain methoxy groups. Allied 
to these are piperine (IV) and safrole (V) containing the CH, : O, 
grouping which has the same biological origin as —OCH, (see p.195). 


CH:0 CH>CH:CH2 CH:CH:CH3 
OCH; OCH3 
OH OH OCH3 
(1) (I) (IL) 
/PH2-CH 
(CH:CH:CHCO:N CH O07 )CH2‘CH:CH, 
cco NoHcH c § Nola nc) 
w—%’ CH,-CH, 
(Iv) (V) 
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THE DEVELOPMENT OF THE CONCEPTION OF BIOLOGICAL METHYLATION 


It is now necessary to trace, in chronological order, the development 
of our knowledge of biological methylation and of its mechanism. 
His! in 1887 showed that pyridine acetate given to dogs is excreted 
as methylpyridinium acetate. The same reaction occurs in turtles 
and an analogous methylation of quinoline in dogs. As early as 
1824, however, Gmelin!” mentioned the exhalation of a strong garlic 
odour on administration of potassium tellurite to animals. In 1853 
Hansen described the same effect in man and stated that the odour 
resembled that of diethyl telluride Te(C,Hs) ». 

In 1894 Hofmeister’, aware of the work of His, regarded the 
tellurium gas’ as dimethyl telluride, though without proof. In this 
article we note the first, rather vague conception of the possibility 
of methyl transfer. He considered that ‘the methyl group is already 
present in the tissues which possess the capacity for methylation. In 
presence of pyridine and tellurium these are methylated, whereas 
under normal conditions methyl derivatives such as choline and 
creatine are produced’. Hofmeister did not mention any particular 
compound as the source of the methyl group. A distinct advance 
was made in 1913 by Riesser!® who concluded that the methyl 
groups of the (assumed) dimethyl telluride synthesized by the 
animal body from potassium tellurite, and the methyl group of 
creatine were probably furnished by choline or betaine. 

In 1912 Ackermann? showed that in dogs, nicotinic acid (VI) 
is converted to trigonelline (VII), and to nicotinuric acid (VIII). 
A similar process occurs in other animals but in most cases, N’- 
methylnicotinamide (IX) and not trigonelline is produced. 


Os me (ea O CO-NH, 


N N-CH3 N +N°CH3 
+ od 
-OH 
(WI) (Wl) (Wl) (IX) 


Glycine is obviously concerned in the formation of the nicotinuric 
acid. Similar ‘detoxications’ are summarized by Williams™4. The 
author” suggested in 1935 that glycine might also be responsible for 
the methylation of the heterocyclic nitrogen atom of nicotinic acid, 
possibly after oxidative deamination to formaldehyde and, in 
another connection, that glycine might in a similar manner methy- 
late itself to betaine (see p. 178). Fifteen years later the work on 
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one-carbon fragments (see p. 177) indicated that this suggestion may 
be somewhere near the truth. 

Until 1932 the study of biological methylation had been confined 
to animals but in that year Challenger, Miss C. Higginbottom and 
Ellis** showed that the volatile arsenic compound, Gosio-gas (see 
p. 166) evolved from cultures of the mould Scopulariopsis brevicaulis 
containing arsenious oxide was not diethylarsine (C,H;),AsH, as 
had previously been believed, but trimethylarsine, (CH;),As. The 
recognition that mycological methylation was involved directed 
this almost ad hoc study of Gosio-gas into a very much broader field, 
and led to similar work on compounds of selenium and tellurium, 
methylation in mould cultures again being observed. On the other 
hand, methylation of sulphur was detected only with a few com- 
pounds and this led to a study of the stability of the —S—S— and 
the C—S—C links in mould cultures and finally to an investigation 
of the natural formation of dimethyl sulphide and the occurrence of 


+ 
dimethylsulphonium derivatives x (CH,),S-R in plants. 


METHYLATION OF ARSENIC COMPOUNDS BY MOULDS 


The work on Gosio-gas (see p. 166), arose from observations made 
in 1839 or earlier and some account of the background of this 
research and its development in the last 20 years may now be given. 
It will be found to fit into the larger picture of biological methyla- 
tion as a whole. 

Over 100 years ago cases of arsenical poisoning occurred in 
Germany due to the use of domestic wall-papers, the pigments on 
which contained copper hydrogen arsenite. Gmelin™4 in 1839 
noticed a garlic odour in ‘arsenical’ rooms. He ascribed the poison- 
ing to a volatile arsenic compound liberated from the damp and 
mouldy wall-paper. Selmi? suggested in 1874 that the moulds might 
play a definite part in the volatilization of the arsenic, producing 
hydrogen from the paper and paste which then gave rise to arsine, 
AsH3. 

The work of Gosio and Biginelli—In 1893 Gosio?*.?% exposed a 
potato-mash containing arsenious oxide to ‘air; it became infected 
with moulds and bacteria and evolved a garlic odour. Some 
organisms were isolated in pure culture and their effect on media 
containing arsenious oxide studied. The bacteria produced no 
volatile arsenic compounds but some moulds were intensely active 
especially Penicillium brevicaule (Scopularvopsis brevicaulis). 

Biginelli?? aspirated the gas from the arsenical mould cultures 
through mercuric chloride in dilute hydrochloric acid. The resulting 
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precipitate was assigned the composition (C,H) gAsH-2HgCl,. 
He therefore stated that the gas was diethylarsine. Meanwhile, 
Cevey?8 had observed a garlic odour when the inorganic arsenic of 
the cultures is replaced by sodium cacodylate, (CH3) As: O-ONa. 
The work of the Leeds School—Further work was commenced by 
Challenger e¢ al.1-5 in 1931. Sterile bread crumbs were inoculated 
with S. brevicaulis, and incubated and sterilized aqueous solutions of 
various arsenic compounds added to the cultures arranged in series. 
Sterile air was then passed through, volatile arsenic compounds 
being absorbed in Biginelli’s solution. Using arsenious oxide 
(0-2—0-25 per cent in the bread) two different deposits were obtained 
according to the concentration of the mercuric chloride, consisting 
of the dimercurichloride and monomercurichloride of trimethyl- 
arsine (CH,),As-2HgCl, and (CH,);As-HgCl,. Gosio-gas is 
therefore trimethylarsine, (CH;),;As. Arsine, AsH, and diethylar- 
sine (C,H,).AsH are not formed by the mould. This conclusion was 
confirmed by absorption in nitric acid and in benzyl chloride, when 
trimethylhydroxyarsonium nitrate and _ benzyltrimethylarsonium 
chloride (characterized as picrates) were obtained respectively. 
With sodium methylarsonate CH,AsO(ONa), (1-1-3 per cent in 
the bread) or sodium cacodylate (0-1—0-3 per cent) (both free from 
inorganic arsenic), the evolved gas gave the same mercurichloride. 
Alkylarsonic acids and S. brevicaulis—It seemed possible that with 
sodium methylarsonate and cacodylate, the mould might have 
hydrolysed the As—C link, giving inorganic arsenic. With sodium 
ethylarsonate in bread cultures dimethylethylarsine (CH) .AsC,H, 
was evolved and identified as the mercurichloride, ethyldimethy]l- 
benzylarsonium chloride, and as ethyldimethylhydroxyarsonium 
nitrate (both characterized as picrates) thus eliminating this 
possibility. Addition of other alkylarsonic acids to the mould in 
concentrations varying from 0-2 to 0-5 per cent gave mixed methy- 
lated arsines. The relations: R-AsO,;H,—R-As-(CH3), and R-R’: 
AsO.OH-—>R-R’-As-CH, summarize these results. 


METHYLATION OF INORGANIC COMPOUNDS OF SELENIUM AND TELLURIUM 


Rosenheim showed that when S. brevicaulis was grown upon sterile 
bread containing inorganic compounds of selenium and tellurium, 
unpleasant odours were evolved. The substances responsible were 
not identified. 

The gas evolved from the selenium cultures was identified by 
Challenger and North?®. The volatile products from cultures of 
S. brevicaulis on bread containing sodium selenate or selenite were 
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characterized as dimethyl selenide mercurichloride and mercuri- 
bromide (CH,),Se-HgX,, dimethylhydroxyselenonium _ nitrate 
> 


NO,{ (CH,),Se-OH, dimethyl selenide a-platinochloride, and 


dimethylbenzylselenonium chloride G{ (CH, ),:Se-CH,Ph isolated 
as the picrate. Aspergillus niger also converted sodium selenate to 
dimethy] selenide?® (see p. 189). Bird and Challenger*! aspirated the 
gases evolved from cultures of S. brevicaulis on bread containing 
potassium tellurite through various reagents. Dimethyl telluride 
mercurichloride was obtained and converted to the dibromide. 
Absorption in alcoholic iodine gave the di-iodide. The mould gas 
is therefore dimethy] telluride, (CH3).Te. 

No proof exists that the odour exhaled by men and animals in 
receipt of tellurite is actually dimethyl telluride; bearing in mind, 
however, the well-established instances of biological methylation by 
animals no reasonable doubt can remain that both animals and 
moulds methylate tellurium and selenium. 


The Biological Methylation of Compounds of Sulphur 

Attempts were made at Leeds to obtain dimethyl sulphide by the 
addition of sulphur or its compounds to cultures of two different 
strains of S. brevicaulis. Negative resuits were obtained with sulphur, 
sodium sulphite, sodium thiosulphate, sodium tetrathionate, thiourea, 
thiodiglycollic acid, sodium formaldehydesulphoxylate (‘rongalite’) 
and also with sodium ethanesulphonate and ethanesulphinate. 

This was surprising, because Pohl* noticed a leek-like odour in 
the breath of animals receiving injections of thiourea. The odorous 
product was non-reactive to sodium hydroxide or mercuric cyanide, 
and was therefore not an alkanethiol. It was, however, absorbed by 
sulphuric acid and gave a precipitate with mercuric chloride. Pohl 
therefore concluded that the product was an alkyl sulphide. A 
similar odour is exhaled by patients suffering from hyperthyroidism 
(thyrotoxicosis) and receiving thiourea, but not when this drug is 
replaced by thiouracil or 4-methylthiouracil. Neither of these uracil 
derivatives gives a volatile sulphur compound in cultures of S. 
brevicaults**. 

The occurrence in nature of compounds such as methionine, 
CH,S-.CH,-CH,-CH(NH,)-CO,H, cheirolin’®*, CH,:SO,:CH,- 
CH,-CH,-N :C:S, and sulphoraphene*™, CH,:SO-CH : CH-CH,: 
CH,-N :C:S and the relation of methionine to cysteine and to 
cystine suggested that compounds containing the —SH or —S—S— 
links might be more amenable to the methylating action of the 
mould. 
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S. Brevicaulis and Dialkyl Disulphides. Fission of the Disulphide Link and 
Methylation of the —S Alkyl group 

The behaviour of disulphides to mercuric chloride having been 
established (see Chapter 1, p. 15) dialkyl disulphides (methyl to 
n-pentyl) were added in dilute aqueous suspension to the bread 
cultures and volatile products aspirated first through mercuric 
cyanide and then through mercuric chloride. The products con- 
sisted of the alkanethiol RSH [absorbed in mercuric cyanide giving 
(RS) Hg], the unchanged disulphide R—S—S—R and the methyl] 
alkyl sulphide, RSCH;. The precipitates obtained with mercuric 
chloride were mixtures of the mercuric chloride addition product of 
the methyl alkyl sulphide with varying amounts of RSHgCl.- 
HgCl, or of R-S-HgCl only, arising from fission of RS-SR (see p. 18). 
On treatment of these mixtures with sodium hydroxide pure methyl 
alkyl sulphide was evolved and converted to the mercurichloride, 
the benzylmethylalkylsulphonium picrate, or the double compound 
with platinous chloride. The fission and methylation of the disulphide 
link by S. brevicaulis appears therefore to be a general reaction of the 
simple aliphatic disulphides**.*®. 


Methylation of Inorganic Sulphur 

Birkinshaw, Findlay and Webb*? showed that the wood-destroying 
fungus Schizophyllum commune, Fr., when grown on an aqueous 
medium containing glucose, inorganic salts, and a trace of ‘Marmite’ 
converts inorganic sulphate to methyl mercaptan GH,SH. This 
was characterized as mercury di-thiomethoxide (CH,S) Hg. 
Dimethyl] disulphide and traces of hydrogen sulphide and dimethyl 
sulphide are also formed**, This is the only recorded instance of the 
biological methylation of inorganic sulphur. 


THE MECHANISM OF BIOLOGICAL METHYLATION 


The Formaldehyde Hypothesis 

When the methylation of arsenious acid and ethylarsonic acid, 
CH,-CH,-AsO(OH), by S. brevicaulis was reported by Challenger 
and Miss Higginbottom they suggested*> that formaldehyde, 
possibly arising from carbohydrate or protein, might be the source 
of the methyl group. Production of trimethylarsine (CH3)3As, 
might occur by condensation of formaldehyde with arsenious 
acid to give, as the first product, hydroxymethylarsonic acid 
HO.CH,-AsO(OH),. This hypothesis was discussed in greater 
detail?® in 1935 and in several later publications. The same authors 
concluded from a survey of the evidence that glycine was the most 
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likely source of formaldehyde—or of the closely related glyoxylic 
acid HOOC-CHO. Robinson*®:4! had already drawn attention to 
formaldehyde, arising from glycine as a probable source of the 
methyl groups of many alkaloids. 

Challenger and Higginbottom®® proposed the following sequence 
of reactions to explain the mycological formation of trimethylarsine: 


Reduction 
CH,O + H-AsO(OH),— HO-CH,-AsO(OH), —————~ 


Reduction 
CH,-AsO(OH), —————> CH, -As(OH) ,—> CH,-AsH(O)OH 
Methylarsonic acid 


CH,O Repetition 
—» HO.CH,,-As(CH,)-O-OH — (CH;),AsO-OH —————> 
Reduction Cacodylic acid 
(CH;);AsO —————-> (CH) As 
Trimethylarsine 
oxide 


It was not possible to detect methylarsonic or cacodylic acids in 
cultures of S. brevicaulis containing arsenious oxide, but both these 
acids and also trimethylarsine oxide readily yield trimethylarsine in 
bread cultures of the mould. Hydroxymethylarsonic acid could not 
be synthesized and its homologue HO-CH,-CH,-AsO(OH), in 
bread cultures gave no volatile product. Had reduction of the 
—CH,:CH,OH group to —CH,-CH, occurred, the formation of 
ethyldimethylarsine would have been expected. 

If selenious and tellurous acids can react as HSeO,-OH and 
HTeO,-OH the formaldehyde hypothesis could explain their 
methylation in mould cultures. 

As applied to the fission of disulphides and methylation of the 
resulting thiol the hypothesis demands the formation of R:S-CH,OH 
as suggested by Challenger and Rawlings®®*. The compound 
C,H,-S-CH,OH could not be freed from traces of ethanethiol and so 
its capability of reduction to C,H,;-S-CH, in mould cultures could 
not be examined. This reaction of thiols and formaldehyde has 
recently been invoked by Berg* and by Greenberg to explain the 
conversion of homocysteine to methionine in animal enzyme 
systems. 

An enzyme (glycine oxidase) which converts glycine to glyoxylic 
acid and ammonia" occurs in the liver and kidneys of many animals. 
Moreover, formate and formaldehyde are produced from the 
3.carbon atom of serine and the 2-carbon atom of glycine in liver 
slices (see p. 177). Paretsky and Werkman*® also obtained formic 
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acid and formaldehyde (isolated as the dimedone derivative) by the 
oxidation of glycine by a species of Achromobacter. The formaldehyde 
hypothesis, merged in the slightly wider conception of the one- 
carbon fragment, now affords a very satisfactory explanation of 
some, though not all, aspects of biological methylation. Thus, if 
sodium formate labelled with 14C is added to certain mould cultures 
containing arsenious oxide or sodium selenate the resulting tri- 
methylarsine and dimethyl selenide are radioactive (see p. 188). 


The Transfer of a Methyl Group 

Shortly after the formaldehyde hypothesis was advanced to 
explain the processes of methylation by moulds, Challenger and 
Higginbottom suggested an alternative mechanism?® and stated 
in 1935: ‘It is not impossible that some ingredient of the cell sub- 
stance containing a methylated nitrogen atom may, under the 
special conditions obtaining in the cell, lose a methyl group which if 
it be eliminated with a positive charge could be easily co-ordinated by the 
unshared electrons of tervalent arsenic or quadrivalent selenium and tellurium’. 
The italics indicate the degree to which this suggestion extends those 
of Hofmeister and Riesser. 

This conception was developed in detail in 19421. It was pointed 
out that almost all the compounds which undergo methylation by 
moulds or animals can furnish negative ions and contain unshared 
electrons, so that co-ordination of a positive methyl group by the ion 
would yield a neutral molecule which could then undergo reduction 
and ionisation followed by further co-ordination of positive methyl. 
This positive methyl ‘may be assumed to be derived from betaine, 
choline, or methionine’. By 1942 the classical work of du Vigneaud 
and his school (see p. 173) on transmethylation in animals had 
rendered these speculations particularly attractive. 

The suggested process was illustrated for arsenic and selenium as 
shown below!>: 





Arsenic 
_ CH,* 
: As(OH), > H+ + (HO),As :O ——— CH,-AsO(OH), > Ht + 
Methylarsonic 
acid 
_ Reduction ray Bis Fs Ionization 

CH,-AsO(OH)O ————~ CH,:As(OH)O ——— (CH,;) .AsO-OH ———————> 

Cacodylic acid andReduction 

GH Reduction 
(CH;),As‘O ——> (CH,),As:O —  (CH,),As: 
Trimethylarsine Trimethylarsine 


oxide 
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The suggested intermediate compounds were not detected in mould 
cultures but all yielded trimethylarsine in bread cultures of S. 
brevicaulis. 














Selenium 
_ Het Ionization 

H,SeO, — H++ : SeO(OH)-O —+ (CH,SeO,OH ——————— 

Selenious Methaneselenonic 2nd Reduction 
acid acid 
-, Gist Reduction Reduction 

CH,'Se(O)O —> (CH,),SeO, — (CH,;),SeO —> (CH,).Se 
Ion of Methane- Dimethyl Dimethyl 

seleninic acid Selenone Selenoxide 


The postulated intermediate selenium compounds have not been 
detected in the media but Bird and Challenger*® showed that S. 
brevicaulis and certain Penicillia convert methane-, ethane-, and 
propane-l-seleninic acids, RSeO,H, to dimethyl, methyl ethyl, and 
methyl n-propyl selenides, RSeCHs, as required by the suggested 
mechanism, thus: 


Re + reduction 
R-SeO, + CH, ————> R-SeO,CH, ————> R-Se-CH, 


Dimethyl selenone is unknown but the selenoxide (CH3;),SO 
could be formed in its reduction to (CH,) Se. Its nitrate, 


NO,| Se(CH,)-OH 


readily gives dimethy] selenide in bread cultures of S. brevicaults. 

Potassium methane-, ethane-, and _ propane-1-selenonates, 
RSeO,OK, in cultures of the same moulds gave only dimethyl 
selenide, due to hydrolysis of the selenonate to selenite. This does 
not necessarily invalidate the suggested mechanism since methane- 
selenonic acid might be sufficiently stable, within the cell, to reach 
the next stage without hydrolysis. The reactions set out above could 
equally well be represented as the addition ofa GH, ion 16.4 
neutral molecule, followed by expulsion of a proton: 


CH, + As(OH),—> CH,-As(OH),-> CH,-AsO(OH), + H* 


An alternative mechanism to methylation by elimination of a free 
positive methyl ion was also mentioned by the author in 1942 as it 
seemed possible that the *CH, ion might be expected to give some 
methyl alcohol in aqueous media. This could not be detected in 
arsenical cultures of S. brevicaulis by Dr Higginbottom at Leeds in 
1935 nor by F. Kieffer (unpublished observation) in 1945. 

The alternative to methylation by elimination of a positive 
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methyl ion (reaction of Sy1 type) is a bimolecular reaction of the 
Sn2 type thus: 


+ = 
[R‘R’R’”’ N—CH,]X —> NR‘R’’R’”’ + CH;X 


The positive charge on the nitrogen of the quaternary ammonium 
ion attracts the electrons of the bond which links it to methyl. This 
group therefore becomes sufficiently positive to co-ordinate the 
unshared electrons of the ion X which may be arsenite, selenite, 
tellurite or possibly the RS ion of an alkanethiol arising from a 
disulphide as in Rawlings’ experiments. Conceivably also attach- 
ment of CH, to the sulphur of a disulphide could occur prior to 
fission of the S—S link. 

This differs from the Syl reaction only in its kinetics and not in 
its products. If, as seems probable this bimolecular mechanism is 
preferable, then the representation of the co-ordination of *CH, by 
the arsenite or other negative ion should be replaced by a scheme in 
which the transfer of methyl takes place without actual separation as 
anion. Since, however, this also ultimately involves the attachment 
of methyl to the unshared electrons of the metalloid the formulations 
on p. 170 may be retained for convenience in representing the 
suggested intermediate stages in the methylation process. 

The above representation assumed that the methyl donor is a 
quaternary ammonium compound. Further work on mould 
methylation using tracers containing “CH, (see p. 188) points 
strongly to methionine rather than choline or betaine as the methyl 
donor. Moreover, in du Vigneaud’s animal experiments (see p. 173), 
it is only with methionine that a true transmethylation involving 
intact methyl has yet been rigidly established. 

In the last few years much attention has again been directed to 
methionine, as Cantoni*? has shown (see p. 181) that in liver or kidney 
enzyme systems which can effect methylation, added methionine is 
converted to a sulphonium compound, the S-adenosinylmethionine 
ion or ‘active methionine’. This has the formula C;H,N,;-C,H,O;- 


4- 
CH,-S-(CH,)-CH,-CH,CH(NH,)-CO,H (see p. 182). 


. at . 
If it be formulated as R-S-(CH3,)-R’ the bimolecular Sy2 reac- 
tion with, for example, arsenite could be represented thus, assuming 
that methionine is similarly ‘activated’ in moulds: 


se + 
RR’ S.CH, + : As(OH),; —> [RR’S <—CH, : As(OH)q| 
a 
R-S-R’ + |CH,-As(OH),| —» CH,-AsO(OH), + Ht 
The attraction of the positive sulphur pole for the electrons of the 
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—S—CH, link might allow nucleophilic attack on the methyl 
group by the arsenic atom with its unshared electrons. The resulting 
transition state would lead to methylarsonic acid, to a neutral 
sulphide R-S-R’ (S-adenosinylhomocysteine C;H,N;-C,H,O;-CH,- 
S-CH,:CH,CH(NH,)COOH which has recently been detected in 
the enzymic methylation of guanidinoacetic acid to creatine, see 
p. 187) and a proton, without formation of a free positive methyl ion 
at any stage. 


TRANSMETHYLATION. DU VIGNEAUD’S EXPERIMENTS USING 
ISOTOPIC INDICATORS 


Transmethylation from methionine and choline—The conclusion that 
biological methylation might be effected by methyl groups detached 
from choline or betaine was established for animals by du Vigneaud*§ 
who showed that homocystine (CO-OH-CH(NH,)-CH,-CH,:S-), 
can replace methionine CO-OH-CH(NH,)CH,-CH,-S-CH, in the 
diet’ of the white rat only in presence of choline or betaine. It 
was suggested that a methyl group is transferred from the 
nitrogen of choline or betaine to the sulphur of homocysteine 
CO-OH-CH(NH,)-CH,:CH,-SH, by transmethylation (see pp. 162 
and 174) to give methionine and that the reaction might be reversible, 
methionine acting as a methyl donor to a choline precursor. This 
hypothesis was tested by feeding deuteriomethionine CO-OH- 
CH(NH,)CH,-CH,:SCD, containing (a) 83-6 and (b) 87-5 atom 
per cent of deuterium in the methyl group, to rats on a methionine— 
choline-free diet. The deuterium content of urinary creatinine (X) 


ah Ne 
closely follows that of the creatine (XI) and choline HO{ N(CH,),: 
CH,-CH,-OH of the tissues. 


NH—CO H,N 
HN:C CH» HN = 
N°CH, CH3"N-CH,*COOH 
(X) (XI) 


The experiment with specimen (a) was, therefore, continued for 
94 days until the methyl group of the creatinine contained 72-4 
atom per cent. The animal was then killed and the choline isolated 
from the tissues as the chloroplatinate. The atom percentage of 
deuterium in the methyl! groups of this choline was 74-2, and in the 
tissue creatine 73. These figures represent in each case approxi- 
mately 83 per cent of the theoretically possible amount of deuterium, 
assuming that all the methyl groups had come from deuterio- 
methionine. This figure is the ‘deuterium ratio’, i.e. 100 times atom 
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per cent deuterium in the methyl group of the isolated compound 
divided by atom per cent deuterium in the methyl group of the 
deuteriomethionine administered. On oxidation of the choline to 
trimethylamine all the deuterium was found in the methyl groups. 

These reactions are true transmethylations (the methyl group 
being transferred as a whole) and do not involve the elimination of 
dideuterioformaldehyde CD,O. This, if produced, would react 
with the amino-group of the choline precursor, presumably ethanol- 
amine HOCH,-CH,-NHg, to give—NH-CD,OH which on reduction 
in the organism would give —NH-CD,H and not —NH-CD3. 
Consequently the deuterium content of each methyl group of the 
choline could not exceed two-thirds of that in the methyl group of the 
methionine administered, i.e. the ‘deuterium ratio’ would have a 
maximum of 66-6 per cent. Similar arguments hold for the deuterio- 
creatine. This conclusion was completely established when 
deuteriomethionine and methionine containing 1C in the methyl 
group were fed to a rat. The ratio of D to 4C in the isolated choline 
and creatine was the same as in the original mixture. For a further 
discussion of this type of experiment and its limitations see p. 179. 

du Vigneaud‘® then administered trideuteriocholine chloride 


= + 
Gi{ (CD;) ;;NCH,:CH,OH to rats, on a methionine—choline-free 


diet containing homocystine, for 23 and 56 days respectively. The 
deuterium content of the creatine was 24 and 29 per cent of the 
theoretical maximum and the deuteriomethyl group was also 
detected in tissue methionine. The methyl groups of choline can 
therefore take part in methylation but this experiment does not 
prove that they are transferred intact. It appears that homocysteine 
is formed from methionine by the animal, and that methionine is 
continuously re-formed through the methyl group or a one-carbon 
fragment (see pp. 177-179) supplied by choline. On feeding deuterio- 
methionine and an adequate supply of ordinary choline, formation 
of deuteriocholine still occurred. 

Methionine can also provide a methyl group in the rabbit*® and 
in man®°, The work of du Vigneaud and his colleagues which has 
been discussed in this section is frequently, and correctly, designated 
by the adjective ‘classical.’ 


BIOLOGICAL IMPORTANCE OF THE THETINS 


We may now consider a rather remarkable instance of the con- 
vergence of two apparently dissimilar lines of work. When du 
Vigneaud discoyered the biological mobility of the methyl group in 
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choline, methionine, and betaine, he tested many other methyl 
derivatives but of these only the sulphonium compound dimethyl- 


a + 
acetothetin chloride, Gli (CH,),S-CH,-COOH (which has not 


as yet been detected in nature), exhibited methyl mobility. 
Toennies, and Toennies and Kolb*® had already suggested that 
sulphonium derivatives of methionine might play a part in biological 
phenomena. (du Vigneaud, commenting upon this suggestion, 
remarked that methionine is rather resistant to purely chemical 
demethylating reagents but that formation of a sulphonium 
compound might loosen the methyl group.) 

After the isolation of dimethyl—f$—carboxyethylsulphonium 
chloride (dimethyl-f-propiothetin chloride), Gi{ (CH,) a elev. 
CH,-COOH, from seaweed (Chapter 2, p. 34), du Vigneaud and 
his colleagues confirmed that dimethylacetothetin chloride can 
replace methionine in the diet of the white rat, the resulting growth 
being comparable with that obtained with choline or betaine plus 
homocystine. Maw and du Vigneaud* also showed that the thetin 
chloride from seaweed has a mobile methyl group and will support 
the growth of rats on a basal methionine-free diet containing 
homocystine. Maw and du Vigneaud also showed that, whereas the 


P ot — 
chloride of methylethylacetothetin, CH,-CH,-(CH,;)SCH,:COO, 
is a moderately active growth factor under similar conditions, 
diethylacetothetin chloride is quite inactive. A similar replacement 
of the methyl groups in choline and methionine by ethyl groups leads 
to decreased growth-promoting activity and increased toxicity 
(see p. 200). 

S-Methylthioacetic acid, CH,-S:CH,-COOH, is unable to 
support growth. Its inability to act as an efficient methyl source for 
homocystine was confirmed by labelling the S-methyl group with 
deuterium, when only slight traces of deuterium were found in the 
methyl groups of tissue choline and creatine after 11 days. This acid 
would therefore appear not to undergo appreciable methylation to 
thetin in the rat under the conditions employed by these authors. 

Onium-compounds as methyl sources—Maw and du Vigneaud point 
out that the chlorides of choline, 9-hydroxyethyldimethylethyl- 
ammonium hydroxide (‘monoethyl-choline’), betaine, dimethyl- 
acetothetin, methylethylacetothetin, and dimethyl- 8-propiothetin 
—all of which can supply, directly or indirectly, a methyl group to 
homocystine im vive—contain a methyl group or groups directly 
linked to an onium pole. 

In a review written in 1950 the author stated: 
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‘The only other well-established biological methyl donor is 
methionine. Here the methyl group is not linked to a positive pole. 
The exception may, however, be only apparent as it was suggested 
several years ago that methionine may undergo conversion to a 
quaternary compound prior to release of the methyl group.’ 

Since 1950 the happy intuition of Toennies and Kolb® (see p. 175) 
has been amply confirmed by Cantoni’s work on ‘active methionine’ 
which is discussed on pp. 181-188. 

Thetin and betaine transmethylases—Dubnoff and_ Borsook*# 
showed that the two thetin chlorides can methylate homocysteine to 
methionine in rat liver or kidney. The enzyme ‘dimethylthetin 
transmethylase’ was partially purified by fractional precipitation 
with ethanol, and separated from the accompanying ‘betaine 
transmethylase’ (sce p. 190), as the latter is destroyed at pH 4-5. The 
transmethylation is independent of oxygen and is not inhibited by 
oxidative poisons such as azide, cyanide, arsenate, or arsenite. Only 
one methyl group is transferred from dimethylthetin when homo- 
cysteine is in excess; in agreement with this finding methylthio- 
acetic acid, CH,5CH,COOH, is inactive thus confirming the results 
of Maw and du Vigneaud. Ericson and his colleagues*®* have recently 
described the results of a further study of betaine transmethylase. 
In Dubnoff and Borsook’s experiments the methionine from the 
thetins was estimated colorimetrically. Maw*® has pointed out that 
consideration of the reactions involved shows that in each case 
methylation of homocysteine is accompanied by liberation of a 
proton. He has carried out the enzymic reaction with dimethyl- 
acetothetin as the methyl donor in a bicarbonate buffer and followed 
the formation of methionine by determining the rate of carbon 
dioxide formation®’, With rat liver suspensions at pH 7-4 the volume 
of carbon dioxide is equivalent to the amount of methionine 
synthesized. 

The on may be represented thus: 


(CH,) ,S:CH,-COO + H-S.CH,-CH,, .CH(NH,)-COO 
CH,-S-CH,-CH,-CH(NH,)-COO + CH,-S- -CH,COO + Ht 


z 
With betaine (CH;),N-CH,-COO as the methyl donor, methionine 
synthesis is accompanied by the formation of equivalent amounts of 
dimethylglycine, i.e. of an additional basic group; no evolution of 
carbon dioxide was observed. 

Maw suggests that as active methionine (S-adenosinylmethionine 


C5HNg-CyH (O3-CH2-S"(CH;)-CH,-CH»-CH(NH,)-CO,H, ab- 
breviated to R-R’S CH) is a thetin, it should be possible to employ 
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this method in following the methylation of guanidinoacetic acid to 
creatine and of dimethylethanolamine (CH ;).N-CH,-CH,OH to 
choline, by ‘active methionine’. On the other hand it appears 
improbable that the methylation of nicotinamide by ‘active 
methionine’ could be followed in this manner, since a proton is not 
eliminated. 

Maw°®8 has shown that thetins which are methyl sources yield 
much urinary sulphate in rats. Diethylacetothetin and trimethy]l- 
sulphonium chlorides do not. Experiments with liver and kidney 
slices led to the same conclusion. S-methylthioacetic acid, the 
product of demethylation of dimethylacetothetin is readily oxidized 
to sulphate. Loss of methyl appears to precede oxidation. 


SYNTHESIS OF LABILE METHYL IN THE BODY 


Until 1947 it was believed that the animal organism is incapable of 
synthesizing methyl groups and that sources such as methionine and 
choline must be present in the diet. 

du Vigneaud® occasionally found animals capable of showing 
some growth on a homocystine diet without added choline, and 
Bennett®? also observed the growth of rats on a methyl-free diet. du 
Vigneaud, Simmonds, Chandler and Cohn®® raised the concentra- 
tion of deuterium in the body water of two rats to about 3 atom per 
cent by intraperitoneal injection of 99-5 per cent D,O and main- 
tained this by giving drinking water containing 4 atom per cent of 
D,O for 3 weeks. The deuterium content of the choline chloro- 
platinate then isolated from the tissues indicated that 7-7 and 8-5 per 
cent respectively of the choline methyl was derived from the body 
water, At that time the synthesis of methyl groups by intestinal 
bacteria seemed the most probable interpretation of their results. 
Later, however, du Vigneaud, Ressler and Rachele* showed that 
germ-free rats maintained under completely sterile conditions with 
D,O in their drinking water synthesized choline containing deu- 
terium in the methyl groups to the extent of 3-3 and 6-4 per cent of 
that in the body water after 10 and 23 days respectively. This 
synthesis must therefore have been achieved by the tissues of the 
rats. 


Reactions Involving One-carbon Fragments 


In some fundamental work of Sakami®? carried out in 1947, rats 
received glycine containing °C in the carboxyl group and formate 
containing 44C. The serine from the liver contained °C, almost 
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exclusively in the —COOH group, and !4C, mainly in the 3-position. 
The reaction may be represented thus: 


H“CO,H -- H,NCH,CO,H > 4CH,OH-CHNH,-"CO,H 


Whether the formate reacts as such with the —CH,— of glycine, 
giving H“4CO-CH(NH),:"CO,H as an intermediate stage or 
undergoes reduction to formaldehyde giving CH,OH-CHNH,: 
CO.H was not decided. Formation of HO,4C-CH(NH,)#%CO,H 
by fixation of 4CO, arising from H'4CO,H, or by dehydrogenation 
of a molecule of formate and one of glycine, appears to be excluded 
since such a compound would be expected to yield serine containing 
at least 50 per cent of HO“CH,-CH(NH,)'4CO,H on reduction. 

Sakami also showed that on feeding glycine, H,N'4*CH,CO,H, to 
rats, the liver serine contains !4C in both the 2 and 3 carbon atoms to 
an almost equal extent. Glycine is, under these conditions, a major 
source of formate or formaldehyde which then reacts with un- 
changed glycine. 

Siekevitz, Winnick, and Greenberg®* observed the reverse change 
with serine. Formate and formaldehyde are produced in liver slices 
from carbon atom 3 of serine and carbon atom 2 of glycine. Further- 
more Ratner* had already described an oxidase, present in the 
liver and kidneys of all animals examined, which converted glycine 
to glyoxylic acid and ammonia. The biological formation of formal- 
dehyde or glyoxylicacid from glycine had frequently been postulated. 

This work explains some results of Sakami®, who found that when 
choline labelled with 14C in the methyl group was administered to 
rats the tracer element was found in the 3-position in serine. This 
suggests that formate or some closely related compound is an inter- 
mediate in the oxidation of the methyl groups of choline. It seemed 
possible, therefore, that this reaction might be reversible and that 
the methyl groups of choline might arise, under some circumstances 
and to some extent, from compounds such as methanol or sodium 
formate. If so, light might be thrown on those cases reported by du 
Vigneaud in which rats appeared to be capable of synthesizing methyl] 
groups on a methyl-free diet (see also p. 177, and Arnstein and Neu- 
berger®®). Arnstein®, therefore, fed isotopically labelled oe 
formate, methyl alcohol, and various potential sources of these 
compounds such as DL-3"C-serine, L-3-!C-serine, 2-!4C-glycine, 
1-'4C-glycine (NH,-CH,:44COOH), and also D-3-!4C-serine to rats 
maintained on a normal diet. After 1-5 days the rats were killed and 
the choline isolated as the reineckate, converted to chloroplatinate 
and thence to trimethylamine chloroplatinate. The first five com- 
pounds gave rise to choline containing !C in the methy] groups, 
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Carbon dioxide is known to arise by in vivo oxidation of D-3-4C- 
serine and 1-!4C-glycine. These compounds were not converted to 
choline containing !C in the methyl groups, from which it follows 
that the intact rat is unable to reduce carbon dioxide to methyl to 
any appreciable extent. This agrees with the results of du Vig- 
neaud, Verly and Wilson®® who found that when sodium bicar- 
bonate NaHCO, is fed to rats the choline of the tissues is free from 
the 4C isotope. 

Arnstein pointed out that the identity of the methyl precursor was 
unknown and that although serine and glycine both yield formal- 
dehyde and formate as degradation products these compounds may 
be involved in the form of derivatives (see Chapter 2, p. 61). 

The work summarized in this section establishes three important 
points: (1) that the attachment of a methyl group to a choline or 
creatine precursor can take place by some process which in its early 
stages, at any rate, is not identical with the ‘transfer of methyl as a 
whole,’ which we associate with the ‘transmethylation’ as established 
by du Vigneaud; (2) carbon dioxide is not the source of the methyl 
group—this is important in view of the significance of carbon dioxide 
fixation in other fields of biochemistry; and (3) that the body is 
not entirely dependent on exogenous methyl groups. Verly and du 
Vigneaud®? injected dilute aqueous 14C-methyl alcohol subcuta- 
neously into a rat on a diet containing DL-methionine. A total 
radioactivity of about half that injected appeared in the expired 
carbon dioxide. The creatine and choline were isolated from the 
tissues and the choline converted to trimethylamine. All three 
compounds were radioactive. No exchange of methyl occurred 
between choline and the labelled methyl alcohol during several days. 
By the use of methyl alcohol labelled with both deuterium and “C 
Verly®* showed that in rats the methyl group is not transferred 
direct but that oxidation to a one-carbon fragment (or fragments) 
occurs (see p. 177). 


ISOTOPIC SELECTION 


Isotopic selection—the isotopic effect in chemical reactions— 
depends on the different reactivities of isotopes of the same element, 
e.g. protium, deuterium and tritium. The heaviest isotope is the 
least reactive, as is shown in oxidation reactions®®:7°, Failure to 
allow for this may lead to incorrect conclusions from experiments 
with isotopic tracers in biochemistry. In 1951 Thorn” found that 
succinic acid is more readily dehydrogenated by succinodehydro- 
genase than its isomer containing deuterium in the methylene 
groups. du Vigneaud and his school?2;78 find that in rats a definite 
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fractionation of the three isotopes of hydrogen is observable on 
oxidation of labelled methyl alcohol. Thus, when a mixture of 
CH,D-OH, CH,T-OH and *CH,-OH furnishes the methyl groups 
of choline and creatine, a ‘fractionation value’ of about 1-3 was 
observed for T : D. The urine yielded formate which showed a 
value of about 1-7. 

A similar effect was observed in rats during the oxidation of the 
methyl group of methionine to carbon dioxide®*.”%, On injection 
the rat oxidizes the —S—4CD, group to 4CO, to only 60-80 per 
cent of the value found for the —S—“CH, linkage. 

In true transmethylation where, for instance, a —CDsy group is 
transferred intact, as in du Vigneaud’s classical experiments*®,*%, 
isotopic selection is not involved. However, biological oxidation of a 
methyl group containing different hydrogen isotopes might occur 
followed by final reduction to labelled methyl, thus: 


MCH,T-OH + O =¥CHT:O + H,O 
sg OB Bp + R-H = R-4CHT-OH 
R-“CHT-OH + 2H = R-4CH,T + HOH 


Here the ratio T/4C in the re-formed methyl group is unchanged 
and it could be wrongly inferred that true transmethylation had 
occurred. Consequently Verly®® fed rats with a mixture of ordinary 
L-methionine, L-14C-methionine and mono-tritio-L-methionine 
(—S-CH,T). The T/'4C ratio in the choline of the tissues was the 
same as in the original mixture. It was concluded that a true 
transmethylation had occurred because earlier experiments in which 
labelled methyl alcohol *CH,T-OH was injected into rats had 
shown that in the resulting labelled choline of the tissues the ratio 
T/4C was less than in the methyl alcohol administered. Most of the 
oxidation had been exerted on the protium but some tritium had 
also been removed. Had this happened in Verly’s experiments with 
labelled methionine a fall in the T/C ratio would have been 
expected*. If this interpretation be correct the earlier conclusions of 
du Vigneaud and his school are confirmed. They had shown that 
when a mixture of ‘4C-methionine and trideuteriomethionine was 
fed to rats the D/*4C ratio in the choline of the tissues was the same 
as that in the methionine mixture administered?°.74,75, indicating a 
true transmethylation. Nevertheless, oxidation of the methyl 
group of methionine can occur in animals and has been studied 
exhaustively7®77, 

* Until recently this ‘mixture device’ has always been employed to simulate a 


‘doubly labelled’ compound. It is hoped shortly to prepare compound. taini 
e.g., deuterium and MC or tritium and “C in the fore ealeaie ra 90" 
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Influence of Conditions on Methylation in Enzyme Systems 


Borsook and Dubnoff78 in 1947 distinguished between two types of 
methylation reactions in preparations of rat or guinea-pig liver. 
One is dependent on oxygen and is inhibited by oxidation inhibitors. 
Catalytic activity is lost by homogenization of the tissue and is not 
restored by simple addition of methionine although in intact slices 
of rat liver methionine accelerates the reaction. The activity is 
restored to the homogenate however when adenosine triphosphate 
(XII) is present in addition to methionine. In Category I is the 
methylation by methionine of guanidinoacetic acid to creatine and 
of nicotinamide to N’-methyl-nicotinamide. Characteristic of 
Category II is independence of oxygen, non-susceptibility to oxida- 
tion inhibitors and persistence of catalytic activity after cell structure 
is destroyed. Examples are the methylation of homocystine or 
homocysteine to methionine by choline (see pp. 184 and 193), 
betaine, dimethylacetothetin and dimethyl- B-propiothetin. 

In Category I adenosine triphosphate is ineffective without 
methionine. Borsook and Dubnoff considered that the chief 
function of oxidation in methylation by methionine in liver slices or 
in homogenates is the continuous preduction of the necessary 
adenosine triphosphate. Biochemical oxidation is frequently 
associated with vigorous phosphorylation. Borsook and Dubnoff 
did not elucidate the significance of adenosine triphosphate in 
methylation by methionine. 


FORMATION OF ‘ACTIVE METHIONINE” IN ENZYME SYSTEMS 


Light was thrown on these observations by Cantoni7®.*°, who 
showed that the effect of adenosine triphosphate did not depend on 
the formation of a phosphorylated derivative of methionine. By 
addition of methionine, adenosine triphosphate, magnesium ions 
and glutathione to an enzyme preparation obtained from rat, pig, ox 
or rabbit liver, and suitable separation of the resulting complex 
mixture, he obtained a product which he named ‘active methionine’ 
and also showed that orthophosphoric acid was liberated. 

In presence of an enzyme from pig liver which he called nicotin- 
amide methylpherase (a transmethylation enzyme) this ‘active 
methionine’ was able to methylate nicotinamide to N’-methylnico- 
tinamide in absence of adenosine triphosphate or any other source of 
high-energy phosphate links (see p. 182). Similarly the quite different 
enzyme guanidinoacetic acid methylpherase (obtained from rabbit 
liver) in presence of ‘active methionine’ and absence of adenosine 
triphosphate converted guanidinoacetic acid to creatine. 


181 


BIOLOGICAL METHYLATION 


Not only was adenosine triphosphate unnecessary for these 
methylations (after its initial participation in the conversion of 
methionine to the ‘active methionine’), but treatment of an impure 
preparation of this substance with alcoholic barium acetate precip1- 
tated phosphate. The filtrate was free from phosphate and contained 
the ‘active methionine’ which could then be readily separated. It 
was shown. to contain no phosphorus and by analysis and a study 
of its breakdown products to be S-(5’-deoxyadenosine)-5’- 
methionine with the structure (XIII). 
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Properties of Active Methionine 


Acid hydrolysis at 100°C gave adenine (XIV), homoserine, 
HO. (CH,).:CGH(NH,)-COOH and a sulphur compound believed to 
be a thioribose or a methylthioribose. More gentle hydrolysis at 
100°C in an acetate buffer at pH 7 gave some adenine, but mainly a 
crystalline compound which was conclusively shown to be identical 
with the adenine methylthiopentoside isolated many years earlier 
from yeast and shown by synthesis to be 5’-deoxy-5’-methyl- 
thioadenosine (XV). No adenosine or S-(5’-deoxyadenosine- 
5’-homocysteine (see p. 186) were, however, observed. The 
unusual structure of this methylthiopentoside had always interested 
a few chemists but its biological origin was not clear and no natural 
compounds of analogous structure were known. Its formation by 
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micro-organisms (see p. 200) requires an ample supply of methionine 
in the culture media. It seems probable that it may arise from 
‘active methionine’. If ‘active methionine’ is present in yeasts it 
seems rather surprising that the few species which have been tested 
should not be able to methylate inorganic arsenic*t. A detailed 
study of the capacity of bacteria and yeasts as compared with 
moulds to effect methylation should be made®*. The behaviour of 
‘active methionine’ on paper chromatography is consistent with 
formula (XIII). It moves very slowly in mixtures consisting mainly 
of organic solvents and rapidly in salt solutions. It gives a positive 
ninhydrin reaction. Oxidation with periodate on paper and spray- 
ing with Schiff’s reagent gives a purple colour due to formation of an 
aldehyde. This shows that the two hydroxyl groups on carbon atoms 
9’ and 3’ of the ribose residue are unsubstituted. In accordance with 
the presence of a positively charged sulphonium srouping in the 
molecule ‘active methionine’ moves rapidly towards the cathode on 
paper electrophoresis. 

It appears that methionine must be converted to a sulphonium 
compound before it can transfer its methyl group and in view of the 
results of du Vigneaud and of the Canadian school (see pp. 173 and 
193) it may be assumed that the methyl group of ‘active methionine’ 
is transferred intact. Probably methionine can also furnish a one- 
carbon fragment which can finally appear as a methyl group. The 
ready oxidation of methionine methyl in animals is in keeping with 
such an alternative mode of methylation. 

It was suggested by Toennies®* in 1940 that methionine might 
undergo conversion to a sulphonium compound prior to release of 
its methyl group. At that time no sulphonium compound had been 
detected in nature with the exception of the recognition by Neuberg 
and Grosser that dogs’ urine probably contained some compound 
of this type. The actual reaction suggested by Toennies was un- 
supported by experiment but the essential idea was most stimulating 
and was borne in mind by many chemists. The onium structure of 
the methyl sources choline, betaine and dimethylacetothetin was 
soon emphasized. Then followed the isolation of dimethyl- - 
propiothetin from seaweed and its recognition as a methyl source 
and possibly a methyl donor. 

The following facts may now be summarized: 

1. Methionine can transfer its methyl group intact. 

2. Methylation by methionine in enzyme systems in vitro requires 
either air and an intact tissue slice or adenosine triphosphate in which 
case the tissue can be homogenized. 

8 Methionine and adenosine triphosphate with the appropriate 
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enzyme system give the sulphonium compound S-(5’-deoxy- 
adenosine-5’)-methionine. 

4. Methylation in vitro by the use of -onium compounds such as 
betaine, choline (which is first converted to betaine*) and the two 
thetins does not require oxygen nor adenosine triphosphate and is 
not inhibited by homogenizing the tissue. This is presumably 
because these compounds are already of -onium type. The con- 
clusion follows, but has not been experimentally established*, that 
betaine and the thetins may also be able to transfer their methyl 
groups intact, though methylation by an oxidized one-carbon 
fragment may also be possible. It is desirable that this suggestion, 
which is not new but receives support from Cantoni’s work, should 
be tested, e.g., by the use of a compound containing a “CD ; group 
(see p. 179). 

5. Betaine, dimethylaceto- and dimethyl-8-propiothetins, ‘active 
methionine’ and methylmethioninesulphonium iodide (which are 
also thetins) are all either methyl donors or sources in intact animals 


or in tissue slices. These all contain a twin ion structure, e.g., 
LZ = 


= + 
M.(CH,),:CO,, or M-(CH,).:CH(NH,)-COg. 


INVESTIGATIONS LEADING TO THE SYNTHESES OF 
‘ACTIVE METHIONINE’ 


(1) SYNTHESIS OF ADENINE METHYLTHIOPENTOSIDE 


Baddiley** has synthesized adenine methylthiopentoside (adenine 
5’-deoxy-5’-methylthiopentoside) (see p. 182) and has also 
provided an independent proof of its structure. The sulphur atom 
is attached to the carbohydrate portion of the molecule since adenine 
and a sugar containing sulphur were obtained on acid hydrolysis. 
For some time it was uncertain whether the sugar contained a 
methylthio group or a thiol group and a methoxy group. Later, on 
evidence summarized by Baddiley, it appeared probable that the 
constitution was 5-deoxy-5-methylthioribose. Its osazone was 
shown by Weygand, Trauth and Lowenfeld® to be identical with 
that of synthetic 5-deoxy-5-methylthio-D-arabinose. The two 
thio-sugars were not identical and as arabinose and ribose differ 
only in the configuration of carbon atom 2 it was clear that the 
natural sugar from the adenine methylthiopentoside was 5-deoxy-5- 
methylthio-D-ribose. Gulland®*, had already concluded that the 
pentose residue was attached to N(9) of the adenine ring. 
* The Canadian work makes it probable, see p. 193. 
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It seemed probable that adenine methylthiopentoside, like other 
natural nucleosides was a f-glycoside and experiments on its 
synthesis from adenosine which is known to have the B-configura- 
tion were therefore commenced. Conversion of adenosine to its 2’ : 
3’ isopropylidene derivative by condensation with acetone was fol- 
lowed by formation of the 5’-toluene-p-sulphony! compound (XVI) 
and reaction in dimethylformamide solution with the potassium 
derivative of methanethiol. Separation of the product and removal 
of the acetone residue by dilute sulphuric acid yielded 5’-deoxy-5’- 
methylthioadenosine (XVII) identical with the natural product. 

Similar operations carried out on inosine which differs from adeno- 
sine in that C, carries a hydroxyl group instead of the amino group, 
yielded a 5’-deoxy-5’-methylthioinosine. This was shown by 
Weygand et al.85.87 to be identical with the product obtained by 
deamination of natural adenine methylthiopentoside by nitrous acid, 
thus affording a further proof of the structure of the natural product. 
Simultaneously with Baddiley’s investigations, Weygand and 
Trauth synthesized the methylthiopentoside by a very similar 
method8?. The two nucleosides and the thio-sugars and purines 
liberated on hydrolysis were indistinguishable by paper chromato- 
graphy tests. Reduction of the thio-sugar from the synthetic 
compound with sodium amalgam gave 5-methylthio-D-ribitol 
identical with a specimen prepared from authentic adenine methyl- 
thiopentoside. Finally Satoh and Makino®® synthesized 2’ : 3’- 
isopropylidene-5’-deoxy-5’-methylthioadenosine and showed that 
its picrate was identical with the picrate of the isopropylidene 
derivative of the natural nucleoside. These results clearly established 
the structure of adenine methylthiopentoside as 9-(5’-deoxy-5’- 
methylthio- B-D-ribofuranosy]) adenine. 


(11) SYNTHESIS OF ‘ACTIVE METHIONINE’. S-(5’-DEOXYADENOSINE-5’)- 
METHIONINE 


Active methionine has been synthesized by Baddiley and Jamieson®®. 
The hydrobromide of DL-a-amino-y-bromobutyric acid (XVIII) 
was obtained from DL-a-amino-y-butyrolactone (XIX) and 
hydrogen bromide in glacial acetic acid at 100°C. This hydro- 
bromide was added to 5’-deoxy-5’-methylthioadenosine (adenine 
methylthiopentoside) in a mixture of formic acid and acetic acids. 
Removal of solvents left a residue which was separated by paper 
chromatography giving a product which after elution with water 
was indistinguishable from the natural ‘active methionine’ (XX) in 
its behaviour on paper chromatography and electrophoresis, when 
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it moved to the cathode. Water at 120°C regenerated the adenine 
methylthiopentoside. Enzyme tests showed that this synthetic DL- 
material had 40-50 per cent of the activity of the natural substance 
in the methylation of nicotinamide and guanidinoacetic acid. 
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(Im) ISOLATION AND SYNTHESIS OF S-(5’-DEOXYADENOSINE-5’)- 
HOMOCYSTEINE LEADING TO A FURTHER SYNTHESIS OF 
ACTIVE METHIONINE 
When methionine takes part in transmethylation the by-product to 
i ' 

expected is homocysteine HS-CH,-CH,-CH(NH,)-GCOOH. This 
amino acid has, however, never been isolated from any natural 
product nor detected in an enzymic process. The recognition of 
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S-(5’-deoxyadenosine-5’)-methionine as the methyl donor in 
transmethylations involving methionine suggested that the primary 
product resulting from this process should be S-(5’-deoxyadenosine- 
5’)-homocysteine, thus 

CH, 


| 

C5H,N,-CyH ,O3-CH,-S:CH,-CH,-CH(NHg) -COOH + RH—> 

R-CH, + C,;H,N;-C,H,O;:-CH,-S-CH,-CH,-CH(NH,)-COOH 

ws 
This probability was pointed out by Woolley®®, Baddiley, Cantoni 
and Jamieson® and Challenger®?. The expectation was confirmed 
by isolation of this substituted homocysteine from the enzymic 
reaction in which creatine is produced from guanidinoacetic acid® 
(Cantoni and Scarano). It was identical with an authentic specimen 
synthesized by Baddiley and Jamieson® from homocysteine. ‘The 
disodium derivative of this was allowed to react with 2’ : 3’-O- 
isopropylidene-5’-O-toluene-p-sulphonyladenosine (XVI) either in 
liquid ammonia or in dimethylformamide at 100°C. Removal of 
sodium and toluene-p-sulphonate ions from the product in aqueous 
solution with Amberlite 1R-120 (ammonium form) and Amberlite 
1R-4B (hydroxyl form) respectively gave S-(5’-deoxy-2’- : 3’-O- 
isopropylideneadenosine-5’)-homocysteine. Removal of the iso- 
propylidene group by dilute sulphuric acid yielded crystalline 
S-(5’-deoxyadenosine-5’)-homocysteine (XXI). This was indistin- 
guishable from the natural product of Cantoni and Scarano in Rr 
and in chemical reactions on paper. 


Second Synthesis of ‘Active Methionine’ 

Confirmation of the structure of this homocysteine derivative was 
obtained®! by reaction with methyl iodide in acetic acid, when 
active methionine was formed and purified through its reineckate 
which, with silver sulphate, yielded the corresponding sulphate. Its 
identity was confirmed by paper chromatography and by conversion 
with water at 90°C to 5’-deoxy-5’-methylthioadenosine. This second 
synthesis of active methionine forms a very convenient route for its 
preparation in quantity. 


THE ENZYMIG TRANSFER OF METHYL FROM THETINS 
An essentially homogeneous preparation of the enzyme thetin 
homocysteine methylpherase has been obtained from horse liver® 
as indicated by electrophoretic and ultra-centrifugal analysis. Its 
specific activity is one hundred times that of the crude liver extracts. 
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When isolated it appears to be a polymer and to dissociate to its 
monomeric units on treatment with mercaptans. This suggests 
polymerization through disulphide links. The enzyme produces 
methionine from homocysteine in a reaction which appears to be 
irreversible and independent of metal cations or of other co-factors. 
The only methyl acceptor so far recognized for the enzyme is 
homocysteine, but betaine and several thetins are effective as methyl 
donors. L-homocysteine is methylated 50 times faster than the 
D-enantiomorph, but with the racemic form only L-homocysteine 
reacts. The thermodynamic relations in the transfer of methyl from 
dimethylacetothetin by this enzyme have also been studied®®. 


THE SELENIUM ANALOGUES OF METHIONINE AND OF 
‘ACTIVE METHIONINE’ 


The selenium analogue of methionine has been synthesized by 
Schrift9?. There is evidence that it is also formed biologically from 
inorganic compounds of selenium. Mudd and Cantoni*® have 
recently shown that in presence of adenosinetriphosphate, excess 
pyrophosphatase and Cantoni’s methionine-activating enzyme®® 
prepared from rabbit liver or from yeast, selenomethionine 
CH,-Se-CH,:-CH,-CH(NH,)-COOH is converted to ‘active seleno- 
methionine’ (Se-adenosinylmethionine) at a rate which is similar 
to that at which ‘active methionine’ is formed under identical 
conditions. The reaction can be followed by the rate of elimination 
of orthophosphoric acid. The new selenonium compound is then 
precipitated as the trireineckate and converted to the sulphate. 
When this tertiary sulphate is incubated with guanidinoacetic 
acid and the enzyme creatine methylpherase (from pigs’ liver) 
creatine is formed in excellent yield by transmethylation. This 
demonstration that selenium can replace sulphur in biologically 
important compounds without serious alteration in their functions is 
an extension of the early work of Horn and Jones!°° on the seleni- 
ferous amino acid of cereals grown on soils containing selenium. 
Recent further work on this subject is reported by Cowie and Cohen?". 


THE USE OF RADIOACTIVE CARBON “C IN THE 
INVESTIGATION OF MYCOLOGICAL METHYLATION. 
THE IMPORTANCE OF METHIONINE 
The Leeds school*®-1°3 has made a study of the effect of various 


potential sources of the methyl group, labelled with 14C, on the 
methylation of compounds of arsenic, selenium and sulphur in 
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mould cultures. The sources were choline chloride, betaine, 
sodium formate, and DL-methionine. Only one methyl group in 
choline and betaine was labelled. The methylated products were 
collected as the mercurichlorides and their radioactivity measured. 
The ‘methylation percentage’ was calculated from the ratio 


100 Radioactivity of methylated product per mole 
nf S Radioactivity of methyl source per mole 


where n is the number of methyl groups produced by methylation 
per molecule of the product and f is the fraction of the total of 
labelled methyl groups or carbon atoms per molecule which are 
theoretically labile. 

Thus n = 1 when the product is CH;-S-C,H,-2HgCl,; n = 2 for 
(CH,),S-HgCl,. The value f is of importance since in choline, 
betaine, dimethylacetothetin (CH,),S*-CH,-COO, and dimethyl- 
-propiothetin (CH) ,S*-CH,-CH,-COO only one methyl group is 
labile in animals or in tissue preparations. 

The methylation percentage was very considerable in all experi- 
ments with methionine, ranging from 25 to 95, but small with 
choline chloride, betaine, and sodium formate. In bread cultures of 
A, niger containing selenate and methionine the methylation 
percentage was only 45 whereas on a synthetic medium containing 
sucrose, glycine and inorganic salts the figure rose to over 90. The 
protein of the bread is probably an excellent source of natural 
methionine which considerably dilutes the radioactive amino acid. 
Apparently, the CH, of methionine is transferred intact to arsenic 
and selenium so that in mycological methylation the part played by 
this amino acid is as dominating as in the analogous animal processes. 

This was suggested by the observation that the methylation 
percentage for the systems 14C-betaine-selenate and 14C-formate- 
selenate in bread cultures of A. niger under comparable conditions 
was 2—5 times greater in presence of homocystine than in its absence. 
Borsook!® showed that homocystine or homocysteine is necessary 
before the methyl-carbon atom of choline can be transferred to 
guanidinoacetic acid, yielding creatine. 

The methylation of sulphur in bread cultures of 5. brevicaulis 
containing diethyl disulphide or S-ethylcysteine was studied in 
presence of [Me-4C] choline and [C] formate. Fission of the 
S—S and the S—C linkages produced inactive ethanethiol and 
radioactive ethyl methyl sulphide in each case. The methylation 
percentages were on an average about 3-4, with a maximum of 8. 

Methylsulphonium compounds as methyl sources—The work of Maw 
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and du Vigneaud®? and of Borsook and Dubnoff has shown that 
dimethylacetothetin and dimethyl- B-propiothetin salts are methyl 
sources (see p. 175). Handler and Bernheim? found that this is also 
true of another thetin, methylmethioninesulphonium iodide 
1-{ Me,S* .CH,-CH,-CH(NH,)-CO H which can replace methi- 
onine in promoting the growth of young white rats. The question 
arose whether these three compounds are methyl donors and 
comparable with methionine in mycological methylations or only 
methyl sources and comparable with choline or betaine. 

This was tested by competition experiments! in which the non- 
radioactive thetins were added to A. niger cultures on a sucrose— 
elycine-salts medium containing [Me-'*C] methionine and selenate. 
With the first two thetins and also with betaine the usual high values 
for the methylation percentage (80-100) were obtained, indicating 
that no appreciable dilution of the radioactive methyl groups had 
occurred and that, consequently, these compounds are not direct 
methyl donors. 

It remained to be seen whether the thetins are methyl sources in 
mould cultures. When these compounds labelled with ##C in one 
methyl group were added to bread cultures of S. brevicaulis containing 
selenate the methylation percentage was only 1-1-6 whereas betaine 
hydrochloride under similar conditions gave a value of 4:0. The 
thetins are therefore very poor methyl sources. 

Since dimethylacetothetin and dimethyl-f-propiothetin salts 
cannot be utilized as methyl sources even to the same extent as 
betaine, choline or formate it seems that the ‘thetin transmethylase’ 
reported to occur in rat liver preparations by Borsook and Dubnoff!% 
and by Dubnoff?°° is not present in A. niger or S. brevicaulis under the 
experimental conditions. 

The position of methylmethioninesulphonium iodide is more 
complex. When unlabelled and in competition with labelled 
methionine, in liquid cultures of A. niger containing selenate, the 
methylation percentage fell to 60; when labelled and used in similar 
cultures a value of 35 was obtained. There was evidence of the 
formation of methionine in this second experiment; possibly the 
sulphonium iodide is not itself a methyl donor or source but the 
effective agent is the methionine. As only one methyl group in the 
sulphonium iodide was labelled, 50 per cent of the methionine 
produced would presumably be non-radioactive which would 
explain the low methylation percentage. In all these mould experi- 
ments with radioactive methyl compounds the evolved carbon 
dioxide is radioactive which is in agreement with the results of 
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du Vigneaud, Mackenzie7®77 and others on the oxidation of methyl- 
144C methionine in animals. 

Availability of the optical isomers of methionine as methyl donors— 
Cantoni!°? found that L-methionine was twice as active as the 
DL-isomer in the methylation of nicotinamide to N’-methylnicotin- 
amide by the enzyme nicotinamide methyl kinase in presence of 
adenosine triphosphate and phosphoglycerate. This system involves 
the formation of S-adenosinylmethionine’®®.%, It was concluded 
that D-methionine is inactive in this system. Betaine and dimethyl- 
acetothetin when used alone were also ineffective as methyl donors, 
but in presence of DL-homocysteine, methylation of nicotinamide 
occurred readily, presumably due to formation of methionine. 
Cantoni’s result with dimethylacetothetin alone agrees with those 
obtained in mould cultures at Leeds, but the behaviour of the 
thetins in presence of added homocysteine has not been studied. 

Handler and Bernheim? found that L-methionine was twice as 
effective as the D-isomer in the methylation of guanidinoacetic acid 
to creatine by rat liver slices. The a-keto-acid however, CH3-S- 
CH,-CH,-CO-COOH which would arise by enzymic deamination 
of D- or L-methionine by the appropriate oxidase was as effective 
as L-methionine itself. Possibly therefore D-methionine is first 
converted to the keto acid and this is then re-aminated asym- 
metrically to the L-amino acid prior to methylation. This agrees with 
the observation that transmethylation from D-methionine did not 
take place in the presence of benzoic acid, which inhibits D- 
amino-acid oxidase. 

It was therefore decided to study the relative utilization of D- and 
L-methionines in the methylation of sodium selenate by A. niger 
giving dimethyl selenide. The results showed that D-, L- or DL 
methionine are equally effective!. It was clear, however, that the 
amount of competing natural methionine synthesized by the mould 
from sulphate in the synthetic aqueous medium would be small 
compared with that of the radioactive methionine added. Conse- 
quently although D-methionine was clearly being utilized, the effect 
may have been magnified by the lack of the natural isomer and so a 
true comparison with L-methionine would not be provided by 
Experiments 1-4 (see p. 192). 

Experiments (p. 192) were therefore set up in which D-[Me-C]- 
methionine and an equal amount of non-radioactive L-methionine 
was added to the cultures containing selenate. Since absolute 
yalues for the methylation percentage were not known due to un- 
certainties such as the magnitude of the ‘back scatter’ correction for 
mercurichloride precipitates, an experiment (Table 1, Expts. 5-7) 
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employing radioactive L- and non-radioactive D-methionine was 
carried out at the same time and under the same conditions. The 
results clearly showed that the L- and D- enantiomorphs of methio- 
nine are utilized with equal facility in mycological methylations. 


TABLE 1 
Me ee 
Methionine used and oF es (i (2) 
sal de its concn. pe Methylation 
= (m. mole per flask) ey 
. (days) 

] DL-[Me-4C], 2-0 10 95.2 

26 86-6 

41 13-3 

50 3-2 
2 L-[Me-4C], 2-0 19 95 
31 99 
i) D-[Me-4C], 2-0 18 88 
30 100 
4 D-[Me-"4C], 2-0 1] 74 
24 93 
59 15 
50 3 
5 D-[Me-"4C], 1-0 10 61 
L-, 1-0 22 48 
6 D-[Me-4C], 1-0 13 53 

L-, 1-0 

7 L-[Me-4C], 1-0 10 63 
D- 1-0 22 37 


> 


This means either (a) that the methyl group of D-methionine as such 
is labile in mould cultures, or (6) that if D-methionine cannot be 
utilized as such, its conversion to the L-form must take place in the 
mould cell as rapidly as the competing L-methionine can be utilized, 
or (c) that both processes (a) and (4) occur simultaneously. 
Utilization of D-methionine in other systems—Horowitz!°’ has sum- 
marized experiments on the D-amino-acid oxidases from various 
sources and the significance of the a-keto acids in the formation of 
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L-amino acids. As already stated, however (see p. 191), Cantoni 
regards D-methionine as inactive in the methylation of nicotinamide 
by the enzymes of liver tissue and as probably incapable of forming 
an S-adenosinyl derivative under these conditions. It should be 
emphasized moreover that it has not yet been demonstrated that 
Cantoni’s ‘active methionine’}° is concerned in plant methylation, 
but it has been detected in Chlorella. Moreover, the isolation of 
5’-deoxy-5’-methylthioadenosine (adenine methylthiopentoside 
C.H,N,-CyH,O3-CH,:S-Me, which is a hydrolysis product of 
Cantoni’s S-adenosinylmethionine) from yeast (see p. 200) suggests 
that the significance of S-adenosinylmethionine is not confined to 
animal biochemistry. 


RECENT WORK ON METHYLATION IN HIGHER PLANTS 
THE IMPORTANCE OF METHIONINE 


Before 1950 very few studies on methylation in higher plants had 
been made. In 1942 however Barrenscheen and Valyi-Nagy"° 
reported that, in extracts of wheat seedlings, the methylation of 
guanidinoacetic acid to creatine was greatly stimulated by methio- 
nine and by betaine. Eight years later work of the first importance 
was carried out in Canada and the United States which threw light 
not only on the origin of the —NCH, group but also of the —OCH, 
and methylenedioxy-groups in plant products. 

Origins of the methyl groups of hordenine—Hordenine, N-dimethy]l- 
tyramine, HO?!.C,H,:-CH,-CH,:N(CHg). was isolated from 
barley by Léger™ in 1906. Kirkwood and Marion"? showed that 
certain strains of the plant produce the N-monomethy] derivative 
instead. Moreover, the plant Trichocereus candicans contains not only 
hordenine but its betaine candicine so that all stages of the methyla- 
tion of tyramine are found in nature. 

When !C-sodium formate is fed to sprouting barley the activity 
is found almost entirely in the —NCH, groups of hordenine and 
choline, as was shown by degradation of the choline to trimethyl- 
amine. A similar result was observed with L-[Me-!4C]-methionine, 
but [Me-"C]-choline contributed no labelled methyl to hordenine. 
Possibly choline oxidase (see p. 184) is absent from the plant. As 
choline produces much labelled carbon dioxide under these condi- 
tions it appears that this one-carbon fragment is not a source of the 
methyl group. 

Origin of the methyl group of nicotine—Brown and Byerrum"® and 
Byerrum and Wing™* find that the methyl carbon of both methionine 
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and choline and the carbon of formate serve as precursors of the 
—NCH, group of nicotine in Nicotiana rustica. Formate is probably 
the precursor of methionine. The nicotine was isolated as the 
dipicrate, demethylated and the resulting methyl iodide absorbed in 
triethylamine and the quaternary iodide assayed. 

By a similar procedure it has been shown that the —OCH, and 
—NCH, groups of some opium alkaloids can be derived from 
methionine!. 

Origin of the —NCH, and —OCHsg groups of ricinine—This was in- 
vestigated by Dubeck and Kirkwood"® by feeding the germinating 
seeds of Ricinus communis (the castor oil plant) with [Me-4C]- 
methionine and choline and 4C-formate. Only with methionine 
was the ricinine (XXII) appreciably labelled. The methyl of the 
—OCH, group was removed from the ricinine as methyl iodide by 
hydriodic acid and that of the —NCH, group by more vigorous 
treatment of the residue. The methyl iodide was absorbed in 
trimethylamine and assayed as tetramethylammonium reineckate 
(XXIII). 


OMe CH, 
OS eure sew | SOIL, Rit 

N 0 ie H» 

CH, cH, 
(XXII) (XXIIT) ( XXIV) 


Radioactivity was found only in the —NCH, and —OCH, 
groups, which had almost the same activity. It would be interesting 
to carry out a similar study on damascenin, which in addition to 
—NCHs3, and —OCH, also contains the group —COOCHs3. 

Origin of the —OCHy groups of lignin—This work along with that of 
Byerrum, Dewey and Ball" affords the first proof of the origin of 
the methoxy-groups which are so common in plant products. By 
the use of #4C as before it was found that the methyl group of methio- 
nine furnishes the methoxy groups of the lignin of barley and 
tobacco. The lignin was separated from the seedlings, demethylated 
with hydriodic acid and the methyl iodide assayed as methyl- 
triethylammonium iodide. By employing the device introduced by 
du Vigneaud and using a mixture of 10 per cent of [Me-!4C]- 
methionine and 90 per cent deuteriomethionine it was shown that 
the methyl group of methionine is transferred intact. The D : “C 
ratios in the methyltriethylammonium iodide were 94 and 95 per 
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cent of that in the 4CD, group of the methionine fed to barley and 
tobacco respectively. Formate was also shown to be a precursor of 
the lignin methoxyl but when administered to barley plants along 
with an equimolecular quantity of methionine about 26 methoxy 
eroups were formed from the amino acid for each one arising from 
formate. This suggests that methionine is very close to the final 
stage in the methylation process. 

The methylenedioxy group—An interesting result of the Canadian 
work was the announcement that the carbon atoms of the —NCH, 
and CH, : O, groups of the alkaloid protopine are derived from 
methionine. This second group appears to be peculiar to plants and 
has not been detected in animal products. 

Sribney and Kirkwood"® grew Dicentra hybrids in media contain- 
ing L-[Me-!C]-methionine, methyl-!4C-choline and 14C-sodium 
formate. On demethylation of the resulting radioactive protopine 
(XXIV) the —NCH, group yielded methyl iodide which was 
converted to tetramethylammonium iodide and reineckate. The 
methylenedioxy groups were assayed by hydrolysis of the alkaloid 
with 20 per cent sulphuric acid, followed by the isolation and 
radioactive assay of the liberated formaldehyde as it dimedone 
derivative. With methionine, the activity of the —NCH, and 
CH, : O, groups was very similar. Formate also contributed 4C to 
the molecule but to a much smaller degree. 


THE METABOLISM OF ETHANETHIOL 


In concluding the discussion of the phenomenon of biological 
methylation we may consider some work carried out by Snow"? at 
Blackley, Manchester, on the changes undergone by ethanethiol in 
mice and guinea pigs. This arose from a study of the anti-tubercular 
effect of ethanethiol and of compounds which can yield it by break- 
down in the animal body. It was important to determine the fate of 
the ethanethiol, and the results have shown that the animal body 
deals with this substance in a manner which is very similar to the 
methylation exerted by the mould S. brevicaulis on ethanethiol and 
diethyl disulphide (see p. 168). Snow’s results emphasize the close 
relationship existing between the processes of methylation in moulds 
and in animals stressed in the early part of this chapter. 


The Anti-tubercular Effect of S-ethyl Compounds 


Much research has been in progress since 1953 on the anti- 
tubercular effect of derivatives of ethanethiol. In that year Pianto’”® 


reported that sodium ethylthiosulphate CH,-CH,-S-SO,-ONa does 
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not inhibit the development of Mycobacterium tuberculosis, in vitro. On 
oral administration with the diet the survival time of the infected 
mice is increased by 15-51 days as compared with 20 days observed 
with comparable doses of f-aminosalicyclic acid. 

It is well known that sodium alkylthiosulphates yield dialkyl 
disulphides on boiling with alkali and that the disulphide link readily 
undergoes fission under biological conditions. It seemed therefore, 
very probable that the beneficial effect of the sodium ethylthio- 
sulphate depended on the production of diethyl disulphide or 
ethanethiol. Davies e¢ al.!2! showed that a large number of sodium 
alkyl- and arylthiosulphates including the methyl derivative were 
devoid of anti-tubercular action. 

Owing to the volatility and unpleasant odour of ethanethiol, 
various derivatives were tested for anti-tubercular effect in the hope 
that they would yield the thiol in the animal body. Diethy] disul- 
phide, ethylthiobenzoate C,H,-CO-S-CH,-CH, and diethyl] dithio- 
isophthalate CgH,(CO-S-CH,-CH3). were found to be strong anti- 
tubercular agents in guinea-pigs and mice. Brown et al.!?? studied a 
series of S-alkyl-$-mercaptopropionic acids C,H,, ,,S-CH,-CH,- 
COOH and found that definite protection was afforded to mice 
infected with Mycobacterium tuberculosis (human type; strain H,, Rb) 
when S-ethyl- 8-thiopropionic acid CH;-CH,-S-CH,-CH,-COOH 
(0-2 per cent) was administered in an unrestricted diet. Substitu- 
tion of the ethyl group by other alkyl groups from methy]1 to octadecyl 
produced inactive compounds. Moreover variation of the dis- 
tance between the sulphur atom and the carboxyl group, using 
terminal ethylthio-derivatives of the acids acetic to n-valeric, e.g. 
CH,-CH,-S-CH,-;COOH to CH;-CH,-S-CH,-CH,-CH,-CH,- 
COOH showed that the f-relation between carboxyl and sulphur is 
necessary. ‘This would suggest that the elimination of CH,-CH,-SH 
from CH,-CH,-S-CH,-CH,-COOH is a f-elimination depending 
on the extraction of the positive hydrogen on the a-carbon atom, 
probably giving acrylic acid CH,—CH-COOH as the other 
product. 

Some observations recorded by Challenger and Liu!23 may be 
relevant in this connection. S-methylthioacetic acid and S-ethyl- 
thioacetic acid give no thiol (CH,-SH or CH,-CH,-SH) in bread 
cultures of S. brevicaulis, but S-methyl-2-thiopropionic acid in 
cultures of this mould on bread or on inorganic salts—glucose 
medium yields methanethiol. f-Elimination is impossible in the 
case of the two acetic acid derivatives, but can occur with S-methy]l- 
2-thiopropionic acid. Replacement of —COOH by —CHO, 
—COOR or —CH,OH in Brown’s experiments was achieved with 
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retention of activity. S-ethyl-L-cysteine, CH,-CH,-S-CH,-CH- 
(NH,)-COOH appeared promising. The authors concluded that 
structural modifications which decrease the tendency to fission of 
the CH,CH,-S—C bond decrease the activity against M. tuberculosis. 

The metabolism of S-ethyl derivatives in animals—Snow"™? points out 
that the ethanethiol is inactive towards the tuberculosis bacillus in 
vitro but may be converted in vivo to some active derivative to which 
the observed effect is due. He has studied the metabolism in mice, 
rats and guinea-pigs of various precursors of ethanethiol, labelled 
with %§ diethyl disulphide, S-ethylthiobenzoate and SS’-diethyl 
dithioisophthalate being chosen. In a preliminary experiment the 
last-named compound unlabelled was injected subcutaneously 
(200 mg. per kilo of body weight) as a 50 per cent (v/v) solution in 
arachis oil. The collected urine was extracted with chloroform, the 
solvent removed and the residue stirred with water and ether. The 
aqueous layer on extraction with chloroform yielded an oil which, on 
distillation at 0-05 mm., gave three fractions. That with the lowest 
b.p. solidified and on crystallization from ether was identified by 
analysis and mixed m.p. as methyl ethyl sulphone CH,-SO,-CH,: 
CH;. A similar result was obtained with unlabelled diethyl disul- 
phide in guinea pigs. ‘he process was then investigated by ad- 
ministration of the S-ethyl compounds labelled with 35S. Radio- 
active sulphone was compared with radioactive concentrates of 
urine by paper chromatography and countercurrent distribution. 
The materials in three different solvent systems gave spots almost 
identical in position. —The countercurrent method confirmed this 
result. 

No protecting effect against tubercular infection in mice was 
observed either with methyl ethyl sulphone or with an unknown 
metabolite obtained in small amount from the urine and their 
formation is probably unconnected with the curative effect of the 
—S-CH,-CH, group. The methylation of the ethanethiol and the 
fission of diethyl disulphide accompanied by methylation, in the 
animal body presents a close analogy with the behaviour of these 
compounds and of the dialkyl disulphides R-S-S-R (R=CHs3, 
n-C.,H,,n-C,H,and n-C5H,,) in cultures of Scopulariopsis brevicaulis*°»*°, 
when the thiol R-SH and the alkyl methyl sulphide R-S-CH, are 
produced, It is regrettable that Challenger and his co-workers 
did not examine the cultures for the corresponding sulphones 
R-SO,-CH;. Their formation seems very probable and as sulphones 
are not attacked by S. brevicaulis they may have accumulated in 
quantity. The occurrence of sulphones in plants and animals is 
discussed in Chapter 4. 
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THE METHYLATION AND OXIDATION OF 14C-ETHANETHIOL 
IN ANIMALS 


In a private communication in April 1957, Dr Snow kindly informed 
the author that Dr J. S. Lowe has carried out further work on 
derivatives of ethanethiol labelled with 4*C. The results confirmed 
those obtained by the use of material labelled with *°S. The main 
radioactive product in the urine behaved as methy] ethyl sulphone. 
Fifty per cent of the 4C radioactivity administered was found in the 
breath as #CO,. This is analogous to the complete oxidation of 
much of the ethanethiol to sulphuric acid observed in the experi- 
ments with *°S. A second radioactive urinary component is urea 
(20 per cent) derived from the labelled carbon dioxide pool. 
Considerable amounts of sulphur compounds which react with 
mercuric chloride (presumably mercaptan or disulphide) appeared 
in the breath, representing 3-7 per cent of the radioactive dose 
administered. 


SPECULATIONS ON THE MECHANISM OF THE ANTI-TUBERCULAR 
EFFECT OF ETHANETHIOL 


Snow has considered the possibility that the remarkable effect of 
ethanethiol, or of compounds which yield it, on the tubercle bacillus 
in vivo may possibly involve competition and consequent inhibition 
of some essential metabolic process of the bacillus which is connected 
with the metabolism of methyl or of methylthio-compounds. He 
finds that the higher homologues of ethanethiol have no such action. 
A large number were tested, e.g. n-propane-, n-butane-, isobutane-, 
n-heptane-, B-aminoethane- and £-dimethylaminoethanethiols and 
many containing pyrimidine, triazine and other heterocyclic 
systems. Certain dithiols including 2 : 3-dimercaptopropanol 
(British Anti-Lewisite) were also examined. It appeared possible 
that some oxidation product of ethanethiol or of methyl ethyl 
sulphide or diethyl sulphide such as the sulphoxide or sulphone or 
ethanesulphinic or sulphonic acids or their derivatives; hydroxy 
ethyl sulphides and their sulphoxides or sulphones; thioacetic acid 
and amide and the S-methyl derivative CH;-S-CH,-COOH might 
show an anti-tubercular effect. The results with these and several 
analogous compounds were, however, entirely negative. 

One important result of the work at Blackley is the finding that 
the anti-tubercular effect of ethanethiol and of compounds which 
yield it!#% is nullified if an analogous compound capable of yielding 
methanethiol is also administered concurrently. Experiments were 
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carried out with several pairs of compounds—the results are shown in 
Table 2 and are due to Davies et al}*!. 


















































TABLE 2 
Therapeutic 
effect in days 
Source of Ethanethiol Antagonist poe With 
antag- pie 
: onist 
onist 
1 |C,H,-S-SO,-ONa CH,:S-SO,-ONa 5-6 | —0-6 
2 C,H;-CO-S-CH,:CH, C,H;-CO-S-CH, 26-1 0-3 
3 CH,:CH,-S-S-CH,:CH, C,H,-CO-S:CH, 20-0 5.] 
4 |m-C,H COS eal oa COS8-CH, | 3 
m-CHK 00.5.CH,-CH,| (COS CMs | 932 | 1? 
va CH,-CH,:S:S.CH,-: CH, CH,:S-S-CHs; 28-2 23-9 
6 C,H,-CO-S-CH,-CH; CH,-S-S-CHs; 25-0 26-0 
7 CH,-CH,-S-S-CH,:CH, n-C3H,:S-S-C3H, 98.2 16-2 
8 CH,:CH,-S-S-CH,:CH, iso-C3H,-S-S-C3H, 28-2 32-0 





The results are clear in the case of the first four pairs of compounds. 
It is surprising, however, that dimethyl disulphide exerts no very 
strong effect when administered along with its ethyl analogue and 
none at all in competition with ethylthiobenzoate. In Experiment 
7 the di-n-propy] disulphide considerably reduces the curative effect 
of the corresponding ethyl derivative whereas in Experiment 8 the 
di-iso-propyl compound is without action. Study of these phenomena 
is necessary. This conclusion is emphasized by the fact that ethyl 
benzoate is strongly antagonistic to ethylthiobenzoate and to 
diethyl dithioisophthalate. It should be emphasized that dimethyl] 
disulphide and methanethiol or compounds yielding it in the 
animal body are devoid of anti-tubercular action. 

Oginsky!*4 has studied the enzymic production of ethanethiol 
from various compounds in vitro and finds that homogenates of 
mouse liver and lung produce ethanethiol from various thiol esters 
and reduce diethyl disulphide. Thiol esters were also hydrolysed by 
E. coli and S. faecalis from mouse gut. S. faecalis readily released 
ethanethiol from S-ethylcysteine and B-ethylthiopropionic acid 
CH,-CH,-S:CH,-CH,:COOH. These results recall those of 
Binkley!”* with the S-alkylcysteines and a thionase and of the Leeds 
school with Scopulariopsis brevicaulis*.*°. 
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The Antagonism between Methionine and Ethionine 

The literature contains many references to the inhibiting effect 
of ethionine CH,-CH,-S:CH,:CH,-CH(NH,)-COOH on reactions 
involving methionine. Thus DL-ethionine was fed to adult male 
rats at a level of 0-3 per cent in a synthetic diet containing 0-7 per 
cent of deuterio-DL-methionine!?*, The deuteriomethyl content of 
the choline and creatine of the tissues was compared with that of 
choline and creatine obtained from ‘pair-fed’ control animals 
receiving the labelled methionine, but no ethionine. In the animals 
receiving ethionine transmethylation from methionine to choline 
was reduced by about 20 per cent. No effect, however, was observed 
in the case of the creatine. Cohn and Harris!®? showed that ethio- 
nine is an antimetabolite of methionine in cultures of E. coli. This 
work is cited by Woolley in A Study of Antimetabolites?*®, where a few 
other examples of the antagonism between ethionine and methio- 
nine are recorded. Thus, ethionine is toxic to rats receiving a diet 
deficient in methionine but when the deficiency is removed the 
ethionine ceases to be toxic. Ethionine also prevents the incorpora- 
tion of radioactive methionine into the proteins of rats or mice and 
again additional methionine restores a normal uptake of this amino 
acid. Clearly ethionine has an influence on the methylation process. 
We now know, through Cantoni’s work, that methylation in animals 
involves the formation of the tertiary S-adenosinylmethionine 
ion—‘active methionine’ (X XV). 

Some work of Schlenk and his colleagues!2°+*! on the formation 
of (XXVI) S-methylthioadenosine (‘methylthiopentoside’) which 
is a ‘fragment’ of the S-adenosinylmethionine molecule is relevant in 
this connection. They found that formation of this nucleoside in 
yeast cultures requires the presence of methionine. 


0 
OH O : 
N. oN CH -S(CH3)-CH9-CH2-CH(NH)-COO 
nk JL? 
N 
NH, (XKV ) 
0 
N OH 
qe CH2°S-CH3 
NN 
NH2 (XXVI) 


Biological synthesis of S-ethylthioadenosine—In later experiments 
Schlenk and Tillotson’*?,1%3 found that the yeasts Torulopsis utilis and 
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Saccharomyces cerevisiae when grown in a medium containing DL- 
ethionine produce a new nucleoside containing sulphur which 
appears to be S-ethylthioadenosine. This biosynthesis resembles the 
metabolic relation between methionine and S-methylthioadenosine 
mentioned above. The identity of the new S-ethyl derivative has 
not yet been confirmed by synthesis but the following considerations 
appear to leave little doubt as to its structure: (1) analysis; (2) 
absorption spectrum and (3) the loss of adenine on hydrolysis. It 
gives the same orcinol reaction for pentoses that is given by S- 
methylthioadenosine. The authors state, ‘It may be that some of the 
inhibitory actions attributed to ethionine actually occur after its 
conversion to S-adenosinylethionine’ (i.e. the ethyl analogue of 
Cantoni’s ‘active methionine’) ‘or to S-ethylthioadenosine’. Cantoni 
has informed the author that ethionine is utilized somewhat less 
effectively than methionine by the enzyme which converts methionine 
to S-adenosinylmethionine. He has also prepared S-adenosiny]l- 
ethionine, presumably by an enzyme method. 

Schlenk and Tillotson find that yeast supplied with both methionine 
(3mM) and ethionine (3mM) yields 3-1pM of S-methylthioadeno- 
sine and 1-6uM of the corresponding S-ethyl derivative. The 
S-n-propyl and S-n-butylhomocysteines form practically none of the 
n-propyl or n-butyl analogues. This observation may have a bearing 
on the well-established fact that homologues of ethanethiol exert no 
anti-tubercular action in vivo, as has been mentioned already. 
S-ethylthioadenosine has been tested with a mutant of Aerobacter 
aerogenes which requires methionine or S-methylthioadenosine for 
growth, but no response was obtained. 

A possible mechanism of the anti-tubercular effect of ethanethiol—In the 
light of the foregoing discussion it is possible to formulate a tentative 
hypothesis based on the results of Stekol and Weiss!*4:135 who showed 
in 1950 that when ethionine, labelled with 4C in the ethyl group, was 
fed to rats the radioactivity was found in the choline of the tissues 
and the creatinine of the urine, presumably as the corresponding 


ethyl analogues (X XVII) and (XXVIII): 


; NH-—CO 
(CH, CH,), N-CH,CH;OH HN —=C | 
CH tH 
CH, CH, 
(XXVII) (XXVIII) 


‘Triethylcholine’ (XX VII) was then found to inhibit the growth 
of rats in the same manner as does ethionine and the effect was 
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counteracted by choline or methionine. “Triethylcholine’ may be the 
inhibitor or antimetabolite and ethionine may be converted to this 
by way of the quaternary salt S-adenosinylethionine. Some earlier 
experiments of du Vigneaud?’* showed that ‘triethylcholine’ was 
unable to support the growth of rats on a diet free from choline and 
methionine. 

While much more work remains to be done before the mechanism 
of the anti-tubercular action of ethanethiol can be explained, it 
would appear that a useful hypothesis is that it interferes with the 
normal methyl metabolism of the tubercule bacillus through the 
formation of S-adenosinylethionine or of some other ethyl compound 
closely related to Cantoni’s S-adenosinylmethionine. This would 
presumably be present in much greater amount than the normal 
Cantoni compound and therefore ethyl transfer rather than methyl 
transfer might be expected to predominate and ‘triethylcholine’ to 
be produced. 

Snow is not prepared, from the results of his experiments up to the 
present, to formulate any mechanism to explain the curative action 
of ethanethiol in animals infected with the tubercle bacillus and 
informs the author that he is doubtful whether the ethyl group of 
ethanethiol is likely to be incorporated into ethionine. 
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CO-ENZYME A, ITS S-ACETYL DERIVATIVE 
AND RELATED COMPOUNDS 


Co-ENZYME A 


In 1948 Kaplan and Lipmann’ described the results obtained by the 
study of concentrated and highly active, though crude, preparations 
of a substance which was present in liver andin many bacteria. Later 
-t was found to be extremely widespread in living organisms includ- 
ing plants. An excellent account of its occurrence is given by 
Lipmann*. As it was shown to take part in a number of biological 
acetylation processes it was named Co-enzyme A. In a letter to the 
Editor of the Journal of Biological Chemistry, which may be recom- 
mended as a source of useful information on the early work dealing 
with Co-enzyme A, Lipmann? stated ‘the action of a novel co- 
enzyme of general occurrence was first observed with acetylation of 
aromatic amines in liver preparations’. This substance is concerned 
not only in the metabolism of acetic acid, but also in that of aceto- 
acetic acid, in the synthesis and breakdown of fatty acids and in the 
synthesis of proteins, porphyrins, glycogen and steroids. Since 1947 
very much work has been carried out both on the chemical and 
biochemical relations of Co-enzyme A but in this short account of 
its discovery and extraction and of its significance in biochemistry, 
emphasis will mainly lie on the work which has led to the determina- 
tion of its structure. It will be convenient at this stage to present the 
structural formula of Co-enzyme A, but without comment, before 
proceeding to outline the work which led to the determination of its 
constitution. 


PO(OH)2 
0 OH OH 
| y ‘ 
a eee eee ee 
No =N fe) 0 O Che 
| 
SH 


The discovery of Co-enzyme A was an outcome of the earlier 
work of Lipmann*~ on acetyl phosphate CH,CO-O0-PO(OH). 
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which he had isolated as the silver salt* during experiments on the 
oxidative decarboxylation of pyruvic acid with enzymes prepared 
from the micro-organism Bacillus delbriickii. The large amount of 
work carried out on this acid anhydride lies outside the scope of the 
discussion, but it was shown that the new compound can transfer 
its phosphate group to glucose in presence of certain bacterial 
enzyme preparations or in an extract of pigeon liver. 

In 1948 Kaplan and Lipmann! showed that extracts of pigeon 
liver and other animal organs and of bacteria including Clostridium 
butylicum and Escherichia coli (B. coli) can transfer an acetyl group 
from acetic acid to sulphanilamide and f-aminobenzoic acid in 
presence of adenosine triphosphate, and although in earlier experi- 
ments? it seemed possible that acetyl phosphate might be the carrier 
of the acetyl group, this was shown not to be the case, acetyl 
phosphate being inactive under such conditions. Lipmann® also 


4 1 

found that the acetylation of sulphanilamide NH,-C,H,-SO,-NH, 
by pigeon-liver extracts was much increased in presence of acetate. 
Under anaerobic conditions the presence of adenosine triphosphate 
was necessary. The enzyme system could be re-activated by a 
preparation of boiled liver extract and this effect was shown to 
depend on the presence in such extracts of a thermostable co-enzyme 
(Co-enzyme A) which was finally obtained in an almost pure condi- 
tion and shown by Lipmann and Kaplan to be also concerned in the 
acetylation of choline in enzyme systems obtained from brain 
tissue’. 


PREPARATION OF CO-ENZYME A 


Liver, Clostridium butylicum and Proteus morganii were quickly recog- 
nized as being among the best sources of Co-enzyme A. An early 
method for the preparation of the crude co-enzyme was described 
by Lipmann and his colleagues’. Pig liver was added to boiling 
water, the extract filtered through muslin and protein precipitated 
by trichloroacetic acid. The co-enzyme was then converted to the 
insoluble mercury derivative with mercuric acetate. This was 
decomposed by hydrogen sulphide. Addition of acetone to the 
resulting solution gave an oil which was converted successively to 
the barium, lead and silver salts and again to the barium salt. On 
precipitation of the barium as sulphate, co-precipitation of Co- 
enzyme A occurred. This was eluted with aqueous sodium sulphate 
and converted to the phosphotungstate from which a barium salt 
was again prepared, and dissolved in hydrochloric acid. Separation 
of barium as sulphate and addition of excess acetone to the filtrate 
* See also Lynen, F., Ber. dtsch. chem. Ges. 73 (1940) 367. 
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gave a white precipitate (625 mg. from 500 lb. liver). It had an 
activity of 130 units per mg. Two later methods for its preparation 
may now be described. The first employs the liquid medium on 
which Streptomyces fradiae has been grown, the second uses brewers’ 
yeast. 

i. The co-enzyme was removed from the culture medium of a 
large-scale fermentation, by adsorption on charcoal®. Elution with 
alkaline acetone followed by adsorption from acid solution gave a 
specimen having an activity of 64 units per mg. The yield was 
about 40 per cent. The product now contained much of the disul- 
phide form R—S—S—R and also impurities. It was reduced by 
zinc and 0-5 N-hydrochloric acid and precipitated with mercuric 
acetate as the —S—Hg—S— derivative. This was washed with 
water and decomposed in aqueous suspension by hydrogen sulphide. 
The supernatant liquor was then passed through a column of “Duolite 
CS-100’ resin (H* form) and most of the impurities removed by 
washing with 0-2 N-hydrochloric acid. The co-enzyme was then 
eluted with water and freeze-dried. The product, which represented 
a yield of 20 per cent, now had an activity of 384 units per mg. and 
was dried in a vacuum at 34° C to avoid decomposition. Assuming 
that this procedure removed all water the preparation contained 
90-93 per cent of the pure co-enzyme. After hydrolysis by acid, 
paper chromatography revealed the presence of f-alanine and 2 : 2’- 
diaminodiethy] disulphide NH,-CH,-CH,-S-S-CH,-CH,-NH,, but 
no other product which reacted with ninhydrin was detected. The 
pantothenic acid content of this product after hydrolysis was 
shown by enzymatic and microbiological assays to be | molar; 
adenine was determined spectrophotometrically (1-05 molar). Total 
phosphorus was 2-83 molar and mono-ester phosphate 0-96 molar. 
The sulphur was 1-07 molar. These figures agree with the formula 
given on p. 207. 

9. The co-enzyme was obtained from an aqueous extract of 
dried brewers’ yeast!® by precipitation in strongly acid solution as 
the —S—Cu compound by cuprous oxide in presence of reduced 
glutathione. The precipitate was decomposed by hydrogen sulphide 
and the aqueous solution after removal of copper sulphide passed 
through carbon. The co-enzyme was then eluted with aqueous 
5 per cent pyridine and the effluent extracted with chloroform. Con- 
centration of the extract and precipitation with acetone gave a 
crude product which was again adsorbed on charcoal and eluted. 
Glutathione was removed by a column of Dowex (H* form) and 
Co-enzyme A finally obtained in about 10-15 per cent yield. It had 
a pantothenic acid content of about 20 per cent. 
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BIOLOGICAL ASSAY OF CO-ENZYME A AND RELATED COMPOUNDS 


The assay of Co-enzyme A is carried out by a method described by 
Kaplan and Lipmann! who also give a useful account, with references, 
of the early work on the co-enzyme. Pigeon liver extracts after 
autolization (partial decomposition) cease to acetylate sulphanil- 
amide. Acetylating activity is recovered by addition of Co-enzyme 
A. At medium concentration the reaction is proportional to the 
content of Co-enzyme A. The acetylation is determined by the fall 
in concentration of sulphanilamide which is followed colorimet- 
rically. ‘A unit of Co-enzyme A’ reactivates the enzyme system to 
half its maximum activity. 

Kaplan and Lipmann showed that Clostridium butylicum had a 
very high content of Co-enzyme A and remarked that this observa- 
tion coupled with the observed role of the co-enzyme in acetate 
metabolism, already established in their laboratory, seems to suggest 
a function of Co-enzyme A in the condensation of chains of two 
carbon atoms (acetic acid) to those containing four atoms of the 
element such as butyric acid. Lipmann not only isolated Co-enzyme 
A but proved? that it is a derivative of pantothenic acid 


HO-CH,-C(CH,).;CHOH-CO-NH-CH,-CH,-COOH 


and later made the very stimulating suggestion that it might act 
as an acetyl carrier. The pantothenic acid was detected during an 
assay of the crude preparations of Co-enzyme A which proved that 
only traces of the known B-Vitamins were present. Details of the 
assay need not be given. It involved, however, a preliminary treat- 
ment with clarase—papain*. If this treatment were prolonged the 
pantothenic acid values as determined by the stimulation of the 
growth of Lactobacillus caset E increased slowly, evidently due to 
hydrolysis of the co-enzyme. The preparations were therefore 
hydrolysed by acid and the f-alanine determined in the product by 
a process depending on the stimulation of the growth of yeast. The 
results clearly indicated the presence of combined pantothenic acid 
(pantoyl- B-alanine) in the molecule of the co-enzyme. References to 
the biological methods of assay are given in the original communica- 
tion by Lipmann ¢é al. They also showed" that in addition to 
pantothenic acid Co-enzyme A contains adenosine (adenylriboside; 
I, R=H), a sulphur residue which they believed to be allied to 
cysteine HS-CH,-CH(NH,)-COOH, and either two or three 
phosphate groups. These were recognized, along with pantothenic 


* ‘Clarase’ is one of the names given to proprietary preparations of an amylase 
of vegetable origin. Papain is well known as a proteolytic enzyme from the 
paw-paw fruit. ‘Clarase-papain’ is sold in America as a ‘tenderizer’ for meat. 
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acid, by separate hydrolysis of the co-enzyme with intestinal 
phosphatase and pigeon liver extract 


N 
Ore ~ CHOH - CHOH: CH: CH, ‘OR 
y ued me 


H 
asin 

The phosphatase removed the pyrophosphate link between the 
ribose and the pantothenic acid; the pigeon liver extract caused 
fission of the fragment containing sulphur from another part of the 
pantothenic acid molecule. Lipmann’s purest preparation of Co- 
enzyme A contained 4-3 per cent of sulphur corresponding to one 
atom per molecule of pantothenic acid. Dephosphorylation of 
Co-enzyme A yielded a compound containing pantothenic acid and 
the sulphur fragment which Lipmann believed to be bound through 
the carboxyl group. This view was confirmed by Snell and his 
colleagues (see p. 212), who identified the simple sulphur fragment as 
thioethanolamine NH,-CH,-CH,-SH and showed that it was linked 
as a peptide to pantothenic acid, a linkage which was broken by 
Lipmann’s liver enzyme. 


THE WORK OF BADDILEY AND THAIN 


Some account may now be given of the extended researches of 
Baddiley and Thain’? which led them to propose the structural 
formula for the co-enzyme which is given on p. 207. 

These authors, working at the Lister Institute in London, hydro- 
lysed Co-enzyme A with mild alkali and after removing inorganic 
phosphates submitted the product to paper chromatography. They 
detected adenosine 5’-phosphate [I, R=PO(OH),] and either 
pantothenic acid 4’-phosphate (II) or its product of hydrolysis, 
pantoic acid 4’-phosphate (III). Spots corresponding to the 
2’-phosphate and 2’: 4’-diphosphate of pantothenic acid were 
absent, suggesting the absence of such groupings in the molecule of 
Co-enzyme A, always assuming that they are not unstable in presence 
of the alkali used for hydrolysis. Baddiley and Thain had already 
synthesized the 2’- and 4’-phosphates of pantothenic acid (IV) and (II). 


THE NATURE OF THE SULPHUR FRAGMENT OF CO-ENZYME A 


Hydrolysis of the co-enzyme with dilute hydrochloric acid, addition 
of excess sodium carbonate and distillation in nitrogen yielded 
mercaptoethylamine” H,N-CH,-CH,-SH which was detected by 
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paper chromatography and spraying with ninhydrin (whereby a 
purplish colour was produced) and also with a mixture of sodium 
sulphite, sodium cyanide and sodium nitroprusside. 


(HO),P—O—CH,-C(CH,) ;CHOH-CO-NH-CH,-CH,-COOH 


| 
O (II) 
(HO),P—O-CH,-C(CH,).;CHOH-COOH 
| 


O (IIT) 
HO.CH,-C(CH,) .. CH —— CO-NH-CH,-CH,-CO-OH 
O-PO(OH), 
(IV) 


HO-CH,-C(CH,) »:CHOH-CO-NH.CH,-CH,-CO-NH-CH,- 
ee Pantetheine (V) 


HO-CH,-C(CH;) ..;CHOH-CO-NH-CH,-CH,:CO-OCH, 
Methyl pantothenate (VI) 


[HO-CH,-C(CH;).-CHOH:-CO-NH-CH,-CH,-CO-NH-CH.,- 
Cools Pantethine (VII) 


The identification of 2-mercaptoethylamine was important 
because this thiol enters into the structure of a growth factor for 
Lactobacillus bulgaricus which was isolated by two groups of American 
workers'»15, and was shown to be a thiol and a derivative of panto- 
thenic acid and to have the structure (V). It was also synthesized 
from methyl pantothenate (VI) and 2-mercaptoethylamine. The 
names pantetheine and pantethine (VII) were suggested by Snell 
and his co-workers! to denote the thiol and disulphide forms of this 
compound, in analogy with cysteine and cystine. The thiol form 
was found to be indistinguishable from a decomposition product 
of Co-enzyme A’, It appeared probable therefore that the pante- 
theine fragment is a component of Co-enzyme A. Novelli, Kaplan 
and Lipmann!$ had already shown that Co-enzyme A is probably a 
dinucleotide carrying a pyrophosphate residue which links the 
ribose of the adenosine residue with the long aliphatic chain. On 
these grounds Baddiley and Thain’® proposed the structural formula 
on p. 207 for Co-enzyme A. 
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Synthesis of Pantetheine 


Baddiley and Thain?® have described an improved synthesis of 
pantetheine (see p. 212), starting from 2-benzylthioethylamine. 
This was prepared from benzyl mercaptan and bromoethylamine in 
liquid ammonia. C,H;CH,SH + Br-CH,-CH,-NH, = C,H;- 
CH,-S-(CH,).-NH,-HBr. (It may be mentioned that with sodium in 
liquid ammonia the benzyl group is eliminated as toluene, giving 
2-mercaptoethylamine. This method is the most convenient for the 
preparation of the thiolamine.) 

Benzylthioethylamine (VIII) reacts with carbobenzyloxy- f- 
alanine azide (IX) in chloroform to give 2-benzylthio-N-(carbo- 
benzyloxy- B-alanyl)-ethylamine (X). Reduction with sodium in 
liquid ammonia removes the benzyl and the carbobenzyloxy groups 
giving N-f-alanyl-2-mercaptoethylamine (XI). This reacts with 
D(—) pantolactone (XII) at 100°C in the absence of a solvent to 
give pantetheine, the lactone ring being opened. 


CgHsCH,'S CH,CH,'NH, + NzCO-CH,CH,"NH-CO-0-CH, CoH, 
(VII) (IX) 
C,H¢CH,-S-CH,CH,-NH -CO-CH,CH,"NH-CO-O-CH, C,H, 
(X) 


CgHeCH,+HS-CH,°CH,NH:CO-CH,CH,:NH, 
(XI) 


CH, *C(CH, ),;CHOH ‘CO 


6 + (XI) 


(XII) 
HO-CH,:C(CH4)9*CHOH:CO : NH CH2*CH,CO-NH-CH,CH,’SH 


Pantetheine 


Pantetheine readily oxidizes in air to pantethine (VII). The syn- 
thetic product, when examined by paper chromatography, could 
not be distinguished from natural pantetheine. When tested as a 
growth stimulant for L. bulgaricus its activity was 26,000 units per 
mg. The American workers found a figure of 29,000 for their 
preparation. 
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THE PHOSPHATES OF PANTETHEINE 


The Cyclic 2' : 4’ Hydrogen Phosphate 


This compound (XIII) and also the 4’-phosphate was synthesized 
by Baddiley and Thain”? for comparison with certain phosphory- 
lated breakdown products of Co-enzyme A which are discussed on 
jeme’4 ba? 

Pantetheine is converted to pantethine by aeration in moist 
pyridine followed by treatment with phosphoryl chloride. The 
resulting product is indistinguishable by paper chromatography 
from the product obtained by hydrolysis of Co-enzyme A. On 
cautious hydrolysis it lost the mercaptoethylamine residue and gave 
the cyclic 2’ : 4’-hydrogen phosphate of pantothenic acid and also 
some 4’-phosphate in the same manner as did the natural degrada- 
tion product. 


P—OF 
ol 
vee 
CH,-C(CH,)2°CH: CO-NH-CH,CH,"CO-NHCH, ‘CH,-SH 
(XIII) 


PANTETHEINE-4’-PHOSPHATE (THE ACETOBACTER STIMULATING 
FACTOR) 
A DEGRADATION PRODUCT OF CO-ENZYME A 


This was originally obtained from Co-enzyme A by the action of a 
mixture of unpurified liver enzymes and later with the enzyme 
pyrophosphatase. It is also formed by purely chemical hydrolysis of 
the co-enzyme with dilute acid. It stimulates the growth of Aceto- 
bacter suboxydans and as its structure was at first unknown it was 
designated A.S.F. (Acetobacter stimulating factor). 

On enzymic hydrolysis the ‘factor’ gave pantothenic acid and 
phosphate in the ratio of 1: 1 and was at first thought to be a 
phosphate of pantothenic acid. None of the synthetic monophos- 
phates of this acid (the 2’-, the 4’- and the cyclic 2’ : 4’-) exhibited 
the stimulatory effect on A. suboxydans and it appeared likely that the 
‘factor’ was either not a pantothenic acid phosphate or was con- 
taminated with some biologically active product. Baddiley and 
Thain suggested that A.S.F. was the 4’-phosphate of pantetheine, 
1.€. the 2-thiolethylamide of pantothenic acid 4’-phosphate, 
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(HO) ,P—O—CH,-C(CH;) >» CHOH-CO-NH.:CH,-CH,:CO-NH-: 


O 
CH,-CH,-SH, and that the 2-thioethylamine had not been detected 
in the earlier experiments on the hydrolysis of the ‘factor’. This 
opinion was confirmed by the synthesis both of the DL- and the 
D-isomers by methods which are described below. 


Synthesis of DL-Pantetheine-4'-Phosphate 

The lactone of pantoic acid (XIV) was converted to the benzyl 
ether (XV) by reaction with benzyl chloride in presence of sodium 
ethoxide. The ether reacted with f-alanine in methanol containing 
dimethylamine giving pantothenic acid 2’'-benzyl ether (XVI). 


CH;—C(CH,), —CHOH—CO CH,— C(CH,),—CH—CO 
i. | 
0 
(XIV) (XV) 
O-CH,'CeHs 


HO-CH;——C(CH3),——CH— CO-NH ‘CH, ‘CHyCOOH 


(XVI) 


When (XVI) was treated with ethyl chloroformate in presence of 
N-methylmorpholine (XVII) to remove hydrogen chloride, a mixed 
carbonic anhydride (XVIII) was obtained. This lost carbon 
dioxide on reaction with 2-benzylthioethylamine (see p. 213) giving 
pantetheine O*’-S-dibenzyl ether (XIX) the structure of which was 
proved by its reduction with sodium in liquid ammonia which gave 
pantetheine. Phosphorylation of the 4’-hydroxyl group with dibenzyl 
phosphorochloridate Cl-PO(OCH,-C,H;), gave a tetrabenzyl 
compound (XX). With sodium and a small amount of ethanol in 
liquid ammonia the four benzyl groups were replaced by hydrogen 
giving the desired product (X XI) which was purified with an ion- 
exchange resin to remove bases and then through the lithium and 
silver salts. It was shown to be homogeneous by paper chromato- 
graphy and on hydrolysis gave pantothenic acid 4’-phosphate. 

The pantetheine 4’-phosphate in presence of adenosine triphos- 
phate was tested with a partly purified enzyme obtained from 
pigeon liver. This enzyme mixture synthesizes Co-enzyme A from 
the bacterial ‘acetobacter stimulating factor’. With this racemic 
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pantetheine phosphate”? the conversion to co-enzyme was 48 per cent, 
which was in very good agreement with the figure of 50 per cent 
calculated for a DL-mixture. 


CH,-CH, 
a 

Oo N-CH, HO-CH,-C(CH3),*CH(O:CH,*C_ Hs) CONH-CH2:CHy-CO-0-COOC;Hs 
(XVI) ( XVIII ) 


HO:CH,° C(CH3)2 is CH(-0-CH2: CgHs )* CO-NH:CH,-CH2-CO-NH-CH2:CH2‘S-CH3CeHs 


(XIX) 


O 
(XX) 


(HO): P: OCH. C(CH3)9: CHOH- CO-NH-CH2*CH -CO-NH-CH:CH>:SH 
ll 


O 
( XXI ) 


Synthesis of D-Pantetheine 4'-Phosphate 


D (+)-Pantethine (the disulphide) in pyridine with dibenzyl 
phosphorochloridate Cl-PO(O-CH,-C,H;), gave the neutral di- 
benzyl ester which was then reduced with sodium in liquid ammonia. 
The product, after purification through the barium and silver salts, 
was identical with pantetheine-4’-phosphoric acid. In the enzyme 
test, carried out as before, an 84 per cent conversion to Co-enzyme A 
was observed”, 


SYNTHESIS OF DERIVATIVES OF PANTOTHENIC ACID 


Baddiley and Mathias have described the preparation of various 
derivatives of pantothenic acid which from structural considerations 
might possibly be regarded as intermediate compounds in the 
biological synthesis of Co-enzyme A. The most interesting of these 
was pantothenoylcysteine (XXII) which by simple decarboxylation 
could yield pantetheine (XXIII). This peptide and the corre- 
sponding disulphide were synthesized by four methods, two of which 
are described below. ‘The 4’-phosphate of pantothenoylcysteine was 
also prepared. 

The biochemical behaviour of these compounds will first be 
considered. Pierpoint and Hughes®4 had shown that Lactobacillus 
arabinosus converts pantetheine (XXIII) into Co-enzyme A but 
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pantothenic acid does not undergo this reaction unless cystine is 
present. ‘The cystine cannot be replaced by 2-mercaptoethylamine 
so its action cannot be explained by a simple reduction to cysteine 
followed by decarboxylation, or by the similar reaction in which 
decarboxylation might precede reductive fission 


[COOH CH(NH,)-CH,-S],—» COOH-CH(NH,)-CH,-SH 
NH,-CH,-CH,-SH. 


It appeared possible that pantothenoylcysteine (XXII) might 
first be formed which by decarboxylation would yield pantetheine 
(XXITT). 


4°) 3! Bi 
HO-CH,-C(CH,) . CHOH-CO-NH. (CH,).-CO-NH-CH-CH,-SH 


eZ etay 


BxIn COOH 


HO. CH,-C(CHs) ». CHOH-CO-NH.(CH,).-CO-NH-CH,-CH,-SH 
(XXIII) 


Brown and Snell®> found that specimens of pantothenoylcysteine 
synthesized in their laboratory and by Baddiley and Mathias were 
converted to Co-enzyme A by Acetobacter suboxydans but not by 
L. arabinosus. They also suggested that pantothenoylcysteine-4’- 
phosphate might be a precursor of the co-enzyme. This phosphate 
has been synthesized by Baddiley and Mathias, see p. 218, and 
found to have only about 40 per cent of the activity of pantothenoyl- 
cysteine and twice the activity of pantothenic acid in stimulating the 
growth of A. suboxydans. A possible explanation is that dephos- 
phorylation may take place before conversion to Co-enzyme A. 


Synthesis of Pantothenoylcysteine 

In Baddiley and Mathias’ first method?* pantothenic acid and 
ethyl chloroformate reacted to give a mixed carbonic anhydride 
(XXIV) which on treatment with S-benzylcysteine lost ethanol 
and carbon dioxide to give impure S-benzyl-pantothenoylcysteine 
(XXV). Removal of the benzyl group with sodium in liquid 
ammonia and purification of the product on a cellulose column 
yielded pantothenoylcysteine. 


HO-CH,-C(CH;); CHOH-CO-NH-CH,-CH,:CO-0-CO-0G,H, 
(XXIV) 
+ H,N-CH(COOH).CH,-S.CH,-C,H, 
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HO-CH,-C(CH,) ; GHOH-CO-NH-CH,-CH,-CO-.NH-CH 
(COOH)-CH,-S-CH,-C.H; 
(XXV) 


A more convenient method of synthesis’ was from f-alanine 
which with benzyl chloroformate gave benzyloxycarbony]- B-alanine 
(XXVI). This was converted to the acid chloride (XX VII) which 
with S-benzyl-L-cysteine in sodium hydroxide followed by acidi- 
fication gave S-benzyl-N-(benzyloxycarbony1-f-alany]) cysteine 
(XXVIII). 


C,H,-CH,-O-CO-Cl + HNH-CH,-CH,,-COOH-— HCl + (XXVI) 
_;C,H,CH,-O-CO-NH-CH,-CH,-COCI + NH,CH(COOH)CH,- 
S.CH,-C,H;—> XXVIN) 


C,H,CH,-O-CO-NH-CH,-CH,-CO-NH-CH(COOH)-CH,'S. 
CH,-C,H, + HCl (XXVIII) 


Treatment of (XXVIII) with sodium in liquid ammonia and 
rebenzylation of the thiol group gave S-benzyl- B-alanylcysteine 
(XXIX). With pantolactone (XXX) this yielded S-benzyl-N- 
(D-pantothenoyl) cysteine which on removal of the benzyl group 
with sodium in liquid ammonia gave pantothenoylcysteine (XXXT). 


as -C(CH,),*CHOH-CO H.N-CH, CH,CO-NH-CH(COOH)-CH,'SCH, ‘C,H, 
+ 


O 
(XXX) (XXIX) 


HO-CH, ‘C(CH,),*CHOH :CO-NH-CH,:CH,°CO-NHCH:CH, “SH 


(XXX1) Seat 


Pantothenoyleysteine-4'-Phosphate 


Baddiley and Mathias®* synthesized pantothenoylcysteine-4’- 
phosphate (XXXII) by a method similar to that employed for 
pantetheine-4’-phosphate (see p. 215). S-benzylpantothenoyl- 
cysteine (XX XIa) was phosphorylated with dibenzyl phosphochlor- 
idate in pyridine and benzyl groups removed by sodium in liquid 
ammonia. The 2’-hydroxyl group is unaffected under these condi- 
tions. The structure of the product was proved by alkaline hydro- 
lysis to cysteine and pantothenic acid-4’-phosphate. On oxidation 
by hydrogen peroxide followed by hydrolysis with hydrochloric 
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acid, f-alanine and cysteic acid, COOH-CH(NH,)-CH,-SO,-OH 
were detected. 


H,C H H 
a i | 
HO-CH,-C-C-CO-NH-(CH,) .-CO-NH-C-CH,-S-C,H, 
| | | 
H,C OH (XXXIa) COOH 
H,C H H 
4’ | | jt 


| 
H,O;P-O-CH,-C-C-CO-NH- (CH,).-CO-NH-C-.CH,-SH 
| | | 
H,C OH (XXXII) COOH 


THE SINGLE PHOSPHORIC ACID GROUPING IN CO-ENZYME A 


It has been mentioned already that one mole of Co-enzyme A 
yields 2-83 moles of phosphoric acid (see p. 209) indicating the 
presence of three phosphoric acid residues. T'wo of these are present 
as a pyrophosphate link, since on enzymic hydrolysis of Co-enzyme 
A by a nucleotide pyrophosphatase it was found that adenosine-5’- 
phosphoric acid and a phosphorylated pantothenic acid were 
obtained*®, This result agrees with the view that in Co-enzyme A 
(XX XIII) a pyrophosphoric acid residue links the adenosine 
(adenylriboside) fragment with the pantothenic acid chain. 


0=P(OH), 

: HO 0 OH OH 
N—CH—CH—CH—CH—CH,- 0-P-O-P—O-CH," C(CH,), CHOH: CO-NH-CH 
Ma 4 ie ae oe ike 
NH, l 
Co 
XXXII He 
es 
SH 


The ready hydrolysis of Co-enzyme A by both acid and alkali 
also supports the view that it is a pyrophosphate. An intestinal 
phosphatase which has both mono- and di-esterase activity removes 
all three phosphoric acid groups*’. Gregory, Novelli and Lipmann 
found that a mono-esterase enzyme obtained from the prostate gland 
removed only one phosphoric acid group from Co-enzyme A®:?8, 
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a result obviously compatible with the presence of a pyrophosphate 
linking. Baddiley and Thain*’ showed that, as in triphosphopyridine 
nucleotide, this single phosphate group is attached to the ribose 
fragment, either on carbon atom 9’- or 3’-. Nucleotides which are 
unsubstituted in these two positions yield dialdehydes on oxidation 
with sodium periodate on filter paper and these can be detected by 
spraying with Schiff’s reagent. On application of this test to Co- 
enzyme A no reaction was obtained under conditions where nucleo- 
tides unsubstituted in these positions were oxidized. However, on 
hydrolysis of the co-enzyme with acid and application of the test, 
dialdehydes were easily detected. The test obviously will not distin- 
guish between positions 2’- and 3’- but it is clear that in Co-enzyme A 
one of these positions is occupied by a phosphoric acid residue. The 
structure of the co-enzyme, therefore, presents some analogy with 
that of triphosphopyridine nucleotide (XXXIV). In this compound 
the third phosphoric acid group is situated on carbon atom 2’ of 
the ribose fragment?®. 


FO Bt 
oe sis ts 
"a NSCH? CH=CH Chi> CHeIOs | Get 20 CHa ac a 
ie e, 6 6 0 
NH, H2N:CO 
( XXXIV ) 


Triphosphopyridine nucleotide (TPN) 


The position of the monophosphate residue in Co-enzyme A was 
finally decided by the very interesting work of Wang, Shuster and 
Kaplan?® with specific enzymes (phosphoric esterases). Their paper 
represents an important application of this technique. 

These authors employed a specific 3’-nucleotidase obtained from 
barley and rye-grass. This hydrolyses only a phosphoric acid group 
attached to the 3’-position in nucleotides, but has no effect on such 
groups in the 2’- or 5’- positions. This 3’-nucleotidase was found to 
liberate one mole of phosphoric acid from one mole of Co-enzyme A 
and also to hydrolyse adenosine-3’-phosphoric acid and the co- 
enzyme at about the same rate. In this reaction the co-enzyme must 
be present in the disulphide form which can be ensured by stirring 
or shaking at pH 7-5 until the odour of thiol compounds disappears. 
If this is not done the thiol group inhibits the 3’-nucleotidase. In 
agreement with this explanation it was found that cysteine and 
reduced glutathione strongly inhibit the enzyme. 

As would be expected triphosphopyridine nucleotide (XXXIV) 
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is not attacked by the 3’-nucleotidase as its monophosphoric group 
is at 2’-. There is, therefore, strong evidence for the presence of a 
single phosphoric acid residue on carbon atom 3’- in the ribose 
fragment of Co-enzyme A. 

This conclusion is strengthened by some further work described 
by the same authors?®. By the use of pyrophosphatase obtained 
from snake venom both Co-enzyme A and _triphosphopyridine 
nucleotide were hydrolysed to yield two fragments which were both 
diphosphoadenosines, and were shown to be different by their 
behaviour on paper chromatography. On treatment with the 
specific 3’-nucleotidase from rye-grass or barley the diphosphoaden- 
osine (XXXV) from Co-enzyme A yielded adenosine-5’-phosphate 
with loss of phosphoric acid, but that(XX XVI) from triphosphopy- 
ridine nucleotide did not, in agreement with the established structure 
of the latter compound, in which as already stated the monophos- | 
phate linkage is on carbon atom 2’. The diphosphoadenosines from 
Co-enzyme A and triphosphopyridine nucleotide are therefore 
3’ :5’- and 2’ : 5’- derivatives respectively. 


Apa 
OH O 
N | | 
N—CH—CH—CH—CH ‘CHa —O—PO(OH)2 
ra 3 4 ; 
LO ea 
NH, 
(XXXV) 
hae 
4 
oor cH GH wy CH— —CH2- O—PO(OH), 
NH? 
(XXXVI) 


Finally Wang et al. studied the action of the 3’-nucleotidase on Co- 
enzyme A. This gives a compound known at first as “dephosphory- 
lated Co-enzyme A’. Analysis by standard methods showed that 
adenine, ribose, pantothenic acid and phosphate were present in the 
molar ratios of | : 1 : 1 : 2. One phosphoric acid residue had been 
removed from position 3’. 
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BIOLOGICAL SYNTHESIS OF CO-ENZYME A 


The identification of the degradation products of the co-enzyme, ie. 
pantetheine, pantetheine phosphate and dephospho-Co-enzyme Bs 
by the use of specific enzymes as described already, affords excellent 
evidence that the co-enzyme has the structure formulated earlier in 
this chapter. These fission products were all re-converted to Co- 
enzyme A by crude extracts of pigeon liver, although the conversion 
of pantetheine was poor. By careful and complicated fractionation 
of the liver extracts an enzyme, pantetheine kinase, was separated which 
converted pantetheine only as far as its phosphate. The remainder 
of the original pigeon liver extracts (‘the supernatant’ portion) was 
shown to convert both pantetheine phosphate and dephospho- 
Co-enzyme A to Co-enzyme A. 

Extracts of hogs’ liver were then found to afford a cheap source of 
these enzymes and by improved processes of fractionation it was 
possible to separate three enzymes, (a) pantetheine kinase (which 
phosphorylates pantetheine in the 4’-position), (6) the so-called 
‘condensing enzyme’ which converts 4’-phosphopantetheine but not the 
9’. or the 2’: 4’ cyclic phosphate (see p. 214) to dephospho-Co- 
enzyme A and (c) dephospho-Co-enzyme A kinase which introduces the 
third phosphate group into the ribose molecule to give Co-enzyme A. 

Adenosine triphosphate is necessary for each of these conversions. 
The formation of a diphospho derivative (dephospho-Co-enzyme A) 
from 4’-phosphopantetheine by adenosine triphosphate proceeds by 
loss of two phosphate residues. It seemed possible that these might 
be eliminated as pyrophosphate. 

The first evidence for this was furnished by the observation that 
added inorganic pyrophosphate completely inhibited the conversion 
of phosphopantetheine to Co-enzyme A, but had no effect on the 
third stage, the phosphorylation of the dephospho-Co-enzyme A to 
Co-enzyme A. By freeing the enzyme almost completely from pyro- 
phosphatase (which causes fission of pyrophosphate to orthophosphate) 
it became possible to measure the formation of pyrophosphate in the 
reaction. It was shown that when adenosine triphosphate was 
incubated with 4’-phosphopantetheine in presence of the enzyme, 
condensation occurs with elimination of inorganic pyrophosphate in 
fairly good equivalence with the Co-enzyme A synthesized. This 
proves the elimination of pyrophosphate in reaction (b) above and 
also the presence of a pyrophosphate linkage in Go-enzyme A. One 
molecule of pyrophosphate is eliminated from adenosine triphosphate 
and a new pyrophosphate link established. Fuller details are given 
in a review by Novelli®® entitled ‘Enzymatic Synthesis and Structure 
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, 
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The formulae for adenosine tri- and diphosphate are shown below: 


OH OH OH 


l rari 
¢ N—CH- CHOH- CHOH:CH-CH,-0-P—O—P—O—P—OH 
| 


II ul 
Ns if fe) 10) 19) 1@) 


Adenosine triphosphate 
On OH 
Va N—CH-CHOH:CHOH:CH-CH,’0-P—O—P—OH 


~ II II 
N mr So O O 
NH, 


Adenosine diphosphate 
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of Co-enzyme A’, from which the enzymic reactions set out under 
(2)—(4)'aretaken. The origin ofpantetheine is not considered, but from 
the results of Brown and Snell*! it would appear that pantothenoyl- 
cysteine or possibly its 4’-phosphate (see p. 218) may be its precursor. 
Novelli points out that in general reactions brought about by 
kinase enzymes are essentially irreversible since there is a large 
decrease in free energy between adenosine triphosphate and the 
monophosphate formed by transfer. In the above case this would 
be phosphopantetheine. On the other hand condensations between 
adenosine triphosphate and mononucleotides which involve elimina- 
tion of pyrophosphate and formation of a new pyrophosphate link 
are theoretically reversible since there is relatively no energy fall 
between the reactants and the products. Novelli confirmed this by a 
study of the reaction (3) above. 


S-ACETYL CO-ENZYME A 


In 1948 Kaplan and Lipmann*® showed that in extracts obtained 
from E. coli containing acetate and adenosine triphosphate, acetyla- 
tion of sulphanilamide was observed, but that acetyl phosphate was 
inactive under these conditions. In the absence of an ‘acetate 
acceptor’ considerable quantities of a substance accumulated which 
had many of the properties of acetyl phosphate but differed from it 
in being inert to a specific enzyme—acetyl phosphatase—obtained 
from muscle. The compound was not diacetylphosphate. An 
interesting and significant reaction occurred when this new com- 
pound, in dialysed suspensions of E. coli, reacted with formate, 
pyruvic acid being produced. This could be explained on the basis 
of some such reaction as 


R-COCH, + H-COOH = RH + CH,-CO-COOH 


the compound being assumed to contain a mobile acetyl group. 
The E. coli suspensions were free from adenosine triphosphate and 
contained only traces of other organic phosphates. Synthetic acetyl 
phosphate undergoes a similar reaction only in the presence of 
adenosine diphosphate. In view of later work it is probable that this 
new product, which so much resembled acetyl] phosphate, consisted 
largely of the S-acetyl derivative of Co-enzyme A. 


Metabolism of Acetate by Impoverished Yeast: The Induction Period 


Some six years prior to this work of Lipmann’s, however, Lynen®? 
had observed that when impoverished yeast** (obtained by shaking 
yeast for 15-20 hours in presence of oxygen) was treated with acetate 
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there was a very pronounced delay in the onset of oxidation. This 
‘induction period’ could be eliminated or greatly reduced by the 
addition of small quantities of readily oxidizable alcohols or alde- 
hydes or of glucose. Lynen considered that during the oxidation of 
these substances the acetate became ‘activated’, i.e. combined in a 
labile form with some residue R. 

It appeared possible, at first, that this ‘active acetate’ might be 
acetyl phosphate which was shown by Lipmann®- to be produced by 
certain bacteria from pyruvic acid either by oxidation (dehydro- 
genation) or by a phosphoroclastic reaction. 


CH, CO-COOH + H-O-PO(OH), = CH,CO-O-PO(OH), + 
H-COOH 


It was also detected in the bacterial dehydrogenation of acetaldehyde 
or the fission of acetoacetic acid. A typical reaction in which ‘active 
acetic acid’ is concerned is the condensation of acetic and oxaloacetic 
acids to give citric acid**.3*, Acetyl phosphate was shown by 
Stadtman and Barker*® to be quite ineffective in this connection and 
was Clearly not identical with ‘active acetic acid’. It was found, 
however, that the acetylation of choline and of sulphanilamide in 
extracts of animal organs and of pigeon liver respectively, which was 
observed with ‘active acetic acid’, could be effected in its absence by 
a mixture of acetate and adenosine triphosphate. It seemed, there- 
fore, that in animal enzyme systems acetyl phosphate was inactive as 
an acetyl donor but that adenosine triphosphate (presumably a 
source of phosphate) plus acetate was effective. This was explained 
when it was shown that the crude enzyme preparations contained a 
compound, later known as Co-enzyme A, which was found to be 
concerned with the acetylations!:7:37, Adenosine triphosphate, 
acetate and Co-enzyme A appeared to be equivalent to active acetic 
acid in acetylating power and, in presence of the appropriate enzyme, 
this mixture not only acetylated choline and sulphanilamide but was 
able to synthesize citric acid from oxaloacetate and to convert aceto- 
acetate to acetate, as discussed on p. 237. 

From a consideration of these results and his earlier work on the 
‘induction period’ that was necessary before the oxidation of acetate 
by impoverished yeast could proceed effectively (see above) Lynen*8 
suggested that Co-enzyme A might play some part during this 
induction period. ‘This possibility was supported by the observation 
of Novelli and Lipmann that yeast cells, cultivated in a medium 
deficient in pantothenic acid, contained only 150 units of Co-enzyme 
A per gram of dry matter (fresh yeast?® may show 190) and had a 
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considerably diminished capacity to oxidize acetate. Lynen then 
showed that in four experiments impoverished yeast contained 25 per 
cent less Co-enzyme A than normal specimens; the assay was carried 
out by the sulphanilamide process already described. By the use of 
fresh yeast cultures Lynen showed that on addition of acetate the 
amount of Co-enzyme A rose rapidly in about 15 minutes to a 
maximum of 320-360 units per gram of dry yeast. In a correspond- 
ing experiment with impoverished yeast the rate of increase was 
much slower and even after 160 minutes only about 250 units of 
Co-enzyme A were present. It was also found that the rate of 
oxygen consumption, i.e. the oxidation of acetate, was very much 
slower in the experiments with impoverished yeast than with fresh 
yeast. 

As the increase in the amount of Co-enzyme A in yeast—acetate 
cultures is accompanied by increased consumption of oxygen and of 
acetate Lynen suggested that a compound of Co-enzyme A and 
acetic acid (active acetic acid) is involved in the metabolism of 
acetate by yeast. There remained, however, the remarkable fact 
(considered on p. 225) that impoverished yeast, even when contain- 
ing appreciable amounts of Co-enzyme A, is unable to metabolize 
acetate until about 100 units per gram of the Co-enzyme A are 
present. Between 100 and 400 units, however, the content of Co- 
enzyme A and rate of disappearance of acetate were found to be 
directly proportional. 


ISOLATION OF ACTIVE ACETIC ACID—S-ACETYL CO-ENZYME A 


Preparation of an Aqueous Extract of Yeast 


Lynen*$ found that the best source was an aqueous extract of yeast. 
Prior to extraction the yeast was suspended in aqueous glucose or 
sucrose which was maintained mildly alkaline with sodium hydrogen 
carbonate. A stream of oxygen was introduced during 15 minutes at 
30°C. This procedure ensures the maximum production of the 
‘active acetic acid’. The resulting yeast suspension was added in 
portions to vigorously boiling water containing sufficient acetic acid 
to neutralize the sodium hydrogen carbonate; the temperature was 
not allowed to fall below 70°-80°C. After the last addition the 
mixture was quickly raised to the boiling point and quickly cooled to 
10°C. Solid matter was then removed by centrifugation. 750 grams 
of yeast gave about 1,690 c.c. of a clear yellow extract. In order to 
avoid loss of ‘active acetic acid’ the extract was not maintained at 
100°C longer than necessary. We may now use the term ‘acetyl 
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Co-enzyme A’ instead of ‘active acetic acid’. Approximate indica- 
tions of the relative concentrations of this substance in different 
preparations can be gained from the violet colour produced by 
ammoniacal sodium nitroprusside. This depends on the prior 
hydrolysis of the RS-COCH, to a thiol R-SH and about one minute 
elapses before the colour appears. Addition of solid ammonium 
sulphate increases the sensitivity of the reaction and the persistence 
of the colour. The total volume in the test should be about 0-09 c.c. 
contained in a test tube of 0-9 cm. Under these conditions quantities 
of over 2y of acetyl Co-enzyme A can readily be detected. Thiols 
naturally interfere with this reaction so they must be oxidized by 
alcoholic iodine solution to disulphides which are inert under the 
conditions of the test. The presence of disulphides in the yeast extract 
can be detected by addition of potassium cyanide to the ammoniacal 
solution before the nitroprusside is added. Thiol is produced accord- 
ing to the reaction 


R-S-S-R + KCN = R-S-CN + RSK 


Separation of S-Acetyl Co-enzyme A from the Yeast Extract 


After addition of alcoholic iodine the yeast extract was treated with 
much solid ammonium sulphate and extracted four times with 
liquefied phenol. This removed the desired product along with other 
nucleotides. The united extracts were diluted with an equal volume 
of ether and repeatedly extracted with water. The extracts were 
freed from phenol by shaking with ether and then evaporated in a 
vacuum at a low temperature to a small volume. The resulting 
solution was precipitated with barium acetate in presence of alcohol 
and ammonia. The barium salt was decomposed by dilute sulphuric 
acid and after centrifugation the acetyl Co-enzyme A removed by 
adsorption on charcoal. Thiols and disulphides were shown to be 
absent from the residual liquor. The charcoal was washed with 
water to remove sulphate and extracted with aqueous pyridine till 
the extract gave negative tests for thiols and disulphides. Pyridine 
was removed by extraction with chloroform and the aqueous solution 
evaporated to a very small bulk as before, and treated with acetone. 
After remaining overnight at —20°C the precipitated S-acetyl Co- 
enzyme A was centrifuged and dried in a vacuum over silica gel. At 
0°C under these conditions the compound can be stored without 
decomposition. Three kilograms of yeast gave 180-250 mg. of the 
S-acetyl compound with an acetyl content which varied from | to 
5-5 y CH,CO: per mg. 
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Chemical Properties of S-Acetyl Co-enzyme A 

The reactions of ‘active acetic acid’ confirmed the conclusion that 
its structure was that of an acetylated Co-enzyme A, with acetyl 
attached to sulphur. At the time Lynen’s paper in Liebig’s Annalen 
der Chemie?8’ was submitted the exact structure of Co-enzyme A had 
not been determined. The belief that an S-acetyl group was present 
was greatly strengthened by the behaviour of ‘active acetic acid’ in 
the ammoniacal nitroprusside test which has already been de- 
scribed. Compounds such as ethyl S-acetyl-2-thiopropionate, 
CH,-CO-S-CH,:CH,:-CO-OC,H; and _ diacetylthioethanolamine 
CH;:CO-NH-CH,-CH,-S-CO-CH, behave in a similar manner and 
exhibit the slow production of the violet colour already mentioned. 
With these two pure compounds as standards Lynen*® has placed 
this nitroprusside colour reaction on a quantitative basis. Ifa graph 
be drawn between the concentration of the acetylthio-group, 
CH,CO-S— and the intensity of the colour, the values obtained for 
both these compounds lie on the same straight line. Since acetyl 
Co-enzyme A has the same degree of stability to alkali as the two 
standards mentioned above it is permissible to apply this method to 
the determination of CH,CO-S— in this substance. Four different 
specimens of acetyl Co-enzyme A were examined. With these 
preparations the quantity of sulphanilamide acetylated in the 
enzymic reaction already discussed, was also determined. 

The relation of CH,-CO-S— content to sulphanilamide acetylated, 
is represented by the same straight line for each of the four prepara- 
tions. The graph shows that 172 parts of sulphanilamide correspond 
to 32 parts of sulphur, i.e. one mole of the amide to one mole of the 
acetylthio-group, a result which strengthens still further the formula- 
tion of ‘active acetic acid’ as S-acetyl Co-enzyme A®*. Further 
confirmation of the structure of ‘active acetic acid’ was furnished by 
the observation that like several S-acetylmercaptans R-S-CO-CH, it 
is stable to acids but not to alkalis. | 

De-acetylation of S-acetyl Co-enzyme A—Finally, the behaviour of 
Lynen’s product towards aqueous mercuric acetate in slightly acid 
solution, afforded conclusive evidence that it is the S-acetyl derivative 
of Co-enzyme A. Sachs*® had already shown that the ethyl ester of 
thioacetic acid CH;-CO-S-C,H, undergoes fission in presence of 
aqueous mercuric acetate giving acetic acid and the mercury 
derivative of ethanethiol (C,H,-S),Hg. Lynen showed that a 
number of acyl mercaptans R-CO-S-R’ also exhibited this reaction. 
On treatment of ‘active acetic acid’ with mercuric acetate a precipi- 
tate containing mercury was obtained. Separation of this, suspension 
in water, removal of mercury with hydrogen sulphide, filtration and 
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removal of excess hydrogen sulphide gave an aqueous solution 
containing free —SH groups, which was quite inert in the enzymic 
sulphanilamide test for acetyl groups. This substance, assuming 
Lynen’s view to be correct, should be Co-enzyme A. As will be 
shown below this assumption was upheld and it was found con- 
venient to use this fission reaction exerted by mercuric acetate on 
S-acetyl Co-enzyme A for the preparation of specimens of the 
co-enzyme free from its S-acetyl derivative: 


(1) 2R-S-CO-CH, + 2HOH + Hg(O-CO-CH3;), = (RS). Hg + 
S-acetyl Co-enzyme A 4CH,CO-OH 


(2) (RS),Hg + H,S = HgS + 2RSH 
Co-enzyme A 


The pure, or almost pure, preparation of Co-enzyme A obtained 
through the mercury derivative was treated in aqueous solution with 
sodium amalgam to ensure that any of the R-S-S-R form of the 
co-enzyme was reduced to the R-SH form. It was found to be 
almost completely inactivated (95 per cent) by sodium iodoacetate 
as shown by Lipmann’s sulphanilamide test (using acetate and 
adenosine triphosphate). Iodoacetate is a specific inactivator for 
—SH compounds as was shown by Dickens and others in the case 
of the reduced (—SH) form of glutathione. This is due to the 
reaction —SH + I-CH,-COONa=—S-CH,-COONa + HI. 


The Enzymic Synthesis of Acetyl Co-enzyme A 

Stadtman** has amplified the results of Lynen, Reichert and 
Rueff?8 and obtained strong evidence for the production of acety] 
Co-enzyme A from acetyl phosphate and the co-enzyme by the 
enzyme phosphotransacetylase, obtained from extracts of Clostridium 
kluyveri, and has discussed the energy content of the CH,CO-S— 
bond. 


CH,CO.O-PO,H, + CoA-:SH > CH;CO-S-CoA + PO(OH)s 
Co-enzyme A Acetyl Co-enzyme A 


Only a brief outline of the experimental procedure can be given 
here. 

A mixture containing acetyl phosphate labelled with *C in the 
carbonyl group, Co-enzyme A, hydrogen sulphide and the enzyme 
were incubated at 28°C. (The hydrogen sulphide was used in place 
of the —SH form of glutathione or cysteine in order to maintain the 
Co-enzyme A in the thiol form, see above.) After 30 minutes excess 
acetyl phosphate was hydrolysed by heating at 100°C. The mixture 
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was then chromatographed on paper. A band which showed the 
reactions of an acetylmercaptan with hydroxylamine (see below) 
was cut out and eluted with water. On the expectation that the 
eluate contained the S-acetyl derivative of Co-enzyme A the acety]l- 
mercaptan content was determined by the hydroxylamine procedure 
(see below), the 4G by the usual radioactive assay, and the content 
of Co-enzyme A by the arsenolysis reaction (see p. 231). Furthermore 
the capacity of the eluate to synthesize citric acid from oxaloacetic 
acid in presence of the crystalline condensing enzyme of Stern and 
Ochoa?®5,35*,58 (see p. 237) was also measured. The results showed 
that the eluate contained equivalent amounts ofacetyl Co-enzyme A, 
MC, Co-enzyme A and of citrate precursor. 

Similar data were obtained in other experiments; it was shown 
that the eluate was active in the acetylation of /-aminobenzoic acid 
in pigeon liver extracts, an established reaction of acetyl Go-enzyme 
A. Moreover acetyl Co-enzyme A and Stadtman’s product were 
both stable to heat at acid pH and showed no nitroprusside reaction. 
They were, however, readily hydrolysed by alkali and the presence 
of a free thiol group could then be demonstrated. They both showed 
the reaction of acetylmercaptans with neutral hydroxylamine to 
give a hydroxamic acid and a mercaptan, both of which can be 
detected on paper. OH 

rs 
CH,CO-S-R + NH,OH = R-SH + CH,C 
XS 
N-OH 

Inorganic phosphate has a pronounced influence on the formation 
of acetyl Co-enzyme A from acetyl phosphate by phosphotrans- 
acetylase, as would be expected if the equation shown on p. 229 repre- 
sents the reaction. Reduction of the yield to the extent of 55 per 
cent was observed by addition of increasing amounts of phosphate. 
This is not due to an inhibition of the enzyme, but to a shifting of the 
equilibrium. If, when the system is at equilibrium, phosphate is 
added the concentration of acetyl Co-enzyme A diminishes to a 
value identical with that obtained when the same amount of 
phosphate is added initially. Moreover, if the acetyl co-enzyme 
(obtained by paper chromatography) and inorganic phosphate be 
incubated in the absence of any enzyme an almost quantitative 
conversion to acetyl phosphate occurs. 

It will be recalled that similar conclusions as to the effect of 
phosphate were put forward by Lynen, Reichert and Rueff?8 in 
their study of the induction period which is observed prior to the 
oxidation of acetate by impoverished yeast (see p. 226). Other 
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mercaptans are acetylated by acetyl phosphate, Co-enzyme A and 
the phosphotransacetylase enzyme, e.g. glutathione and thioacetic 
acid, HS-CH,-COOH, giving compounds which are stable to heat; 
others such as cysteine probably yield unstable products. Apparently 
acetyl phosphate in presence of phosphotransacetylase acetylates 
Co-enzyme A which then acetylates the added thiol compound. 
This second reaction is believed not to be enzymic, a conclusion 
strengthened by the observation that acetylthioacetate and gluta- 
thione at pH 8-1 and 26°C in the absence of any enzyme yield 
acetylglutathione 


CH,-CO-S-CH,-COO + G-SH=G-S-CO-CH, + HS-CH,-COO 


A similar formation of acetylglutathione occurs with acetylthio- 
phenol CH,-CO-S-C,H,;, and with aniline and thioacetic acid**-4% 
CH,-CO-SH a vigorous reaction occurs giving acetanilide. 


Arsenolysis of Acetyl Phosphate 


It has been shown by Stadtman and Barker* and by Stadtman, 
Novelli and Lipmann* that, in presence of arsenate, enzyme 
preparations obtained from Cl. kluyveri catalyse a rapid and complete 
hydrolysis of acetyl phosphate to acetate and inorganic phosphate. 
This arsenolysis is specific for acetyl phosphate; arsenate has no 
influence on the rate of decomposition of other acyl phosphates. 
The reaction is due to a phosphotransacetylase and its rate is directly 
proportional to the concentration of Co-enzyme A. For a discussion 
of the origin of the study of arsenolysis, its relation to the hydrolysis 
of glucose-l-phosphate by an enzyme obtained from Pseudomonas 
saccharophila and the part played by Co-enzyme A, the papers by 
Stadtman and his colleagues should be consulted. 


THE RELATION OF CO-ENZYME A TO FATTY ACID METABOLISM 


So far, in this chapter, attention has been directed to the isolation 
and structure of Co-enzyme A, to its breakdown products and to its 
biological synthesis. A similar treatment has been accorded to the 
S-acetyl derivative of the co-enzyme. During the course of the 
discussion the acetylating powers of the co-enzyme plus an acetate 
donor or of its S-acetyl derivative have been mentioned in connec- 
tion with choline and with sulphanilamide. It is also probable that 
the N-acetyl group of the acetylated cysteine fragment of the various 
mercapturic acids, which are excreted when certain aromatic 
compounds are administered to animals, is furnished through the 
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activity of Co-enzyme A. Thus, bromobenzene gives rise to 
p-bromophenylmercapturic acid 
NH -CO-CH, 


| 
ar< S:CH,* CH “COOH 


The analogous conjugation of glycine with benzoic acid which 
occurs in many animals, including the horse, giving hippuric acid 
C,H,;CO-NH-CH,-COOH, has recently been shown to involve the 
participation of S-benzoyl Co-enzyme A. These and many other 
so-called detoxication mechanisms have been fully discussed by 
Williams*®. The biochemical functions of Co-enzyme A are, how- 
ever, much more far-reaching and complicated than the simple 
acylations which have just been mentioned*?*!. One of these 
functions, its participation in the metabolism of fatty acids, must 
now be considered. 

At this stage the reader may be reminded of some well-known facts 
which have a bearing on the metabolism of fatty acids in animals 
and plants. 

1. Very many, but not all, natural fatty acids, e.g. butyric, lauric, 
palmitic, stearic and oleic, contain an even number of carbon atoms. 

2. Rancidity of fats caused by mould infection is often due to 
ketones, e.g. methyl n-nonyl ketone, which are formed by the 
B-oxidation of fatty acids followed by decarboxylation. Thus with 
lauric acid®: 


CH,-(CH,),CH,-CH,COOH > CH,(CH,),CO-CH,:COOH—> 
CH,(CH,),CO-CH, + CO, 


3. Similar reactions, no doubt, account for the presence of methyl 
n-nonyl and methyl n-heptyl ketone in oil of rue®*. 

4. The incomplete metabolism of fats, as in diabetes, gives rise to 
the excretion of acetoacetic acid and acetone. 

5. Oxidation of the ammonium salts of fatty acids by hydrogen 
peroxide occurs in the f-position giving ketones (e.g. methyl-n- 
heptyl ketone from capric acid C,H,,COOH) and fatty acids*. 

These and many other investigations led to the conclusion that the 
normal biological degradation of even-membered fatty acids occurs 
by successive loss of two atoms of carbon, though in animals the only 
intermediate compound which could be detected was acetoacetic 
acid, and even this only under pathological conditions. The results 
obtained by a study of the relation of Co-enzyme A to fatty 
acid**,9,5°-57 metabolism are in keeping with this earlier view. By 
the use of modern methods of enzymology and spectroscopy, 
however, quantitative results have been obtained which have 
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provided a much more definite and detailed explanation (sce below). 
Nevertheless, although many even numbered fatty acids have been 
submitted to enzymic oxidation in presence of Co-enzyme A, here 
again the only intermediate product which has been isolated is aceto- 
acetic acid in the form of its Co-enzyme A derivative CH,CO-CH,- 
CO-S-CoA. The reason for this will be considered later (sce p. 240). 

The work of Lipmann, Novelli and their colleagues which has 
been discussed already was followed by their demonstration that not 
only was Co-enzyme A responsible for the transfer of acetyl and 
other acyl groups, but also for the production of such groups from 
fatty acids with short chains in presence of adenosine triphosphate 
or acetyl phosphate. Stadtman and Barker®8,5® then showed in 1949 
that extracts of Clostridium kluyveri catalysed the aerobic oxidation of 
caproic acid C;H,,-COOH or butyric acid giving acetic acid and 
acetyl phosphate. They also observed the reverse type of reaction 
by which, in absence of air, caproic and butyric acids were synthe- 
sized from ethanol and acetate. This was one of the earliest experi- 
ments on the oxidation of fatty acids with a soluble enzyme prepara- 
tion although in 1943 Mufioz and Leloir®® obtained a cell-free 
preparation from liver which also oxidized fatty acids. 

As a consequence of this and of Stadtman’s work on the enzyme 
phosphotransacetylase (see p. 229) Barker®, in 1951, put forward certain 
suggestions as to the possible course of the biological oxidation of 
fatty acids which were very similar to the views which are now held 
as a result of the work of Lynen, Ochoa, Mahler and others. Some 
aspects of these investigations must now be described, but for fuller 
particulars a valuable review by Mahler®® should be consulted. For 
some years he had been engaged in the study of fatty acid oxidation 
and, by the use of an enzyme preparation from heart muscle had 
concluded that the conversion of butyrate to acetoacetate required 
more than one enzyme and, in addition, Co-enzyme A, diphospho- 
pyridine nucleotide (DPN)—for structure see p. 234—adenosine 
triphosphate (ATP) and magnesium ions. While this work was in 
progress Drysdale® described the preparation of a fatty acid oxidase 
system obtained from the mitochondria of rat liver. Mahler then 
developed a method for the preparation on a large scale of active 
mitochondrial suspensions from animal tissues obtained from 
abattoirs and for the production of large quantities of Co-enzyme A. 


The Enzymic Breakdown and Synthesis of Fatty Acids 
With the plentiful material thus available Mahlerand his colleagues 
were able to identify and separate in a high degree of purity all the 
five enzymes concerned in the conversion of fatty acids to S-acetyl 
233 
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Co-enzyme A. Mahler gives the following details of the reactions 
and enzymes involved in the enzymic oxidation of butyrate. In these 
abbreviated equations CoA-SH implies the reduced thiol form of Co- 
enzyme A, A.M.P., the 5’-monophosphate of adenosine, F.A.D..y7 
flavine adenine dinucleotide fixed on protein, DPN* and DPNH 
diphosphopyridine nucleotide and its reduced form and PP, inorganic 
pyrophosphate, (HO),OP-O-PO(OH).. For structures see below. 


ae Mg*+ and Fatty acid 
(1).CH,-CH,:‘CH;-COO-E ALP Con sh a ere 
Activating enzyme 
CH,-CH,-CH,:CO-S-CoA + AMP + PP 
S-Butyryl Co-enzyme A 
NH, 
N N 
ak si 
sl eater teecat eo OL NN 
i 


sane 0 O 
a OH OH 
HO CH 
ct 
N N QO 
CH, Flavine Adenine Dinucleotide 
CH, NH 
N 
O 
N ee eae uaa 
N— CH—CH—CH—CH—CH; O- P—O-P-—O—CH.—CH 
2 —CH—CH—CH 
(lO? Bg it mae : Oo Ae 


NH» 
H,N-C 


Diphosphopyridine nucleotide (DPN) 


(2) CHy-CHy-CHy-CO-8-CoA ++ FAD ge ny rOBENASE 


CH,CH : CH-CO-S-CoA + FADH,,,, 
S-Crotonyl Co-enzyme A 


af-unsaturated acyl 


CoA hydrase 
CH,-CHOH-CH,-CO-S-CoA 
B-hydroxybutyryl Co-enzyme A 
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B-hydroxyacyl CoA 
dehydrogenase 


CH;-CO-CH,-CO.-S-CoA + DPNH + Ht 
Acetoacetyl Co-enzyme A 


(4) CH,-CHOH-CH,-CO.S.CoA + DPN 


Acetoacetyl CoA 
(5) CH,-CO-CH,-CO-S-.CoA + CoA-SH ————_—__ > 


cleavage enzyme 


2 CH,CO-S-CoA 


The last reaction has been termed a ‘thiolysis’ by Lynen?8, 

A full discussion of these reactions and of the purification of the 
enzymes concerned appears in Mahler’s review and in numerous 
original papers where the chemical and spectrometric methods 
employed during the isolation of the enzymes and products will be 
found. Nevertheless it will be useful to append some notes on the 
reactions represented by each of the equations 1-5. It will be 
sufficient to give an outline of the purification of only one of the 
enzymes as the procedure may be regarded as typical of, though not 
identical with, that employed in other cases. 

Reaction (1)—The activity of the enzyme may be measured by 
using the nitroprusside reaction to follow the disappearance of the 
free —SH group of Co-enzyme A or by spectrophotometric measure- 
ment of the S-acyl group which is formed in the reaction. By 
these methods it was shown that the stoichiometry of reaction | is in 
agreement with the equation. 

n-Fatty acids from C, to Cy) were shown to form —S-CoA deriva- 
tives by this method, which has been used for their preparation in 
quantity. Branched chain and phenyl-substituted fatty acids also 
combine with Co-enzyme A. The reaction was found to be strictly 
reversible with an equilibrium constant essentially equal to unity. 
From this measurement and the known free energy change 4,- for 
the reaction ATP = AMP + PP it follows that the acyl Co- 
enzyme A derivatives are high energy compounds with a free 
energy of hydrolysis (reaction 6) of approximately 11,000 cal. 


(6) R-CO-S-CoA + HOH = R-CO-OH + CoA-SH 
4,» approx. — 11,000 cal. 


Reaction (2)—The enzyme which catalyses the conversion of butyryl 
Co-enzyme A to crotonyl Co-enzyme A is green in colour and was 
isolated from the extract of beef mitochondria by treatment with 
acetone to give a solid which then underwent the following processes: 
(1) Ammonium sulphate fractionation; (2) Treatment with zinc 
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hydroxide gel; (3) Fractionation with alcohol; (4) Adsorption on 
alumina; (5) Further alcohol fractionation and (6) Electrophoresis 
at pH 8. The enzyme so isolated was shown to be homogeneous in 
the ultracentrifuge. Absorption spectra showed the presence of a 
flavo-protein. The enzyme can be converted to an almost inactive 
apo-enzyme by ammonium hydrogen sulphate. Addition of flavine 
adenine nucleotide (see p. 234) or a boiled extract of the purified 
enzyme restores activity. This boiled extract has an absorption 
spectrum identical with that of flavine adenine nucleotide. 

By the use of a recording spectrophotometer it can be shown that 
the enzyme is reduced in less than three seconds by butyryl Co- 
enzyme A but—and here we see the essential importance of Co- 
enzyme A—not by butyrate itself. Octanoyl Co-enzyme A does not 
cause this rapid reduction—a different enzyme being required, see 
below. The reversibility of reaction (2) is shown by the fact that the 
reduced enzyme (reduced flavoprotein) can be rapidly re-oxidized by 
crotonyl Co-enzyme A. 

Reactions (3) and (4)—The hydrase which catalyses the addition 
of water to the unsaturated acyl Co-enzyme A in reaction (3) and 
the dehydrogenase which converts the resulting hydroxy acid to the 
B-keto-acid in reaction (4) are obtained from the beef mitochondria 
by methods which are very similar to those described for the flavo- 
protein enzyme. They can be separated completely but the necessary 
fractionations are very prolonged. The addition of water to the 
double bond of the crotonyl Co-enzyme A, to give B-hydroxybutyryl 
Co-enzyme A, is reversible and, at least in the case of the C, acids, the 
elimination of water can proceed in two directions to give a crotony] 
and a vinylacetic acid derivative. 

These relations are summarized below 


CH, : CH-CH,-CO-S-CoA = d-CH,-CHOH.-CH,-CO-S- 
CoA 2 CH;-CH : CH-CO-S-CoA 


A number of af-unsaturated acyl Co-enzyme A derivatives 
containing from 4 to 12 carbon atoms were found to undergo 
addition of water in presence of the hydrase. The free acids, however, 
are completely inert to the appropriate enzyme, again indicating 
the dominant part played by Co-enzyme A. The dehydrogenation 
of the B-hydroxybutyryl Co-enzyme A by the dehydrogenase in 
reaction (4) is confined to the d-isomer, and with, of course, less 
efficiency the dil-compound. The /-isomer is quite inert. It follows, 
as shown in the equation above, that the d-isomer only is involved in 
the addition and elimination of water catalysed by the hydrase. 
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The conversion of the hydroxyacyl- to the ketoacyl-derivative in 
reaction (4) requires diphosphopyridine nucleotide as a hydrogen 
acceptor. With f-hydroxybutyryl Co-enzyme A, acetoacety] 
Co-enzyme A, CH,;-CO-CH,-CO-S-CoA, has been isolated by 
extraction with a mixture of phenol and benzyl! alcohol and charac- 
terized (a) by determination of the acetyl Co-enzyme A produced 
and —SH removed when the acetoacetyl Co-enzyme A and free 
Co-enzyme A are incubated with the cleavage enzyme, the change 
being shown in reaction (5) and (4) by the chemical reactions of 
the acetoacetic acid obtained by hydrolysis. Finally the identity of 
the acetoacetyl Co-enzyme A has been established by an interesting 
and important reaction, whereby the relation of Co-enzyme A to the 
tricarboxylic acid cycle has been demonstrated. It has been men- 
tioned already (see p. 225) that acetyl Co-enzyme A and oxaloace- 
tate yield citric acid in presence of Ochoa’s ‘condensing enzyme’. 
Mahler has effected a similar conversion of acetoacetyl Co-enzyme 
A to citrate by its interaction with malate, COOH-CH,-CHOH.- 


COO, malic acid dehydrogenase (which converts malate to oxalo- 


acetate COOH-CH,:-CO-COO), Co-enzyme A, diphosphopyridine 
nucleotide and Ochoa’s ‘condensing enzyme’. The pyridine deriva- 
tive takes up the hydrogen removed from the malate. The overall 
reaction is represented by the equation: 


Acetoacetyl S— CoA + 2 malate-- + 2DPN* + 2OH->2 citrate--- 
+ 2 DPNH + 2H* + CoA-SH 


Since no mention is made by Mahler of the addition of the cleavage 
enzyme [see reaction (5) p. 235 and below] it is to be assumed that 
the condensing enzyme is able to convert acetoacetyl Co-enzyme A 
to acetyl Co-enzyme A. This then reacts with the oxaloacetic acid 


thus: 
COOH-CH,:-CO-COOH + CoA-S:CO-CH,; — 
OH 


i 
COOH-CH,-C-—-COOH 


Se HOH 
CH,-CO-S-CoA ——> 
OH 


va 
COOH-CH,-C—COOH + CoA-SH 


‘CH,:-COOH 
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The reaction follows a well-known synthesis of citric acid, and it 
should be noticed thatthe CH; group of CH,-CO-S-CoA contains 
an active hydrogen capable of undergoing a reaction of the aldol 
type. Higher homologues of acetoacetyl Co-enzyme A behave in a 
similar manner. 

Reaction (5)—The ‘cleavage enzyme’ has been found to cause 
fission of all the B-ketoacyl Co-enzyme A derivatives from C, to Cg 
which were tested. The course of reaction (5) has been confirmed 
by an experiment which depends on the fact that whereas the 
B-hydroxybutyryl Co-enzyme A and also S-acetyl Co-enzyme A 
react with hydroxylamine to give hydroxamic acids: 


CH,-CHOH-CH,-CO-S-CoA + H:-NHOH = 
NOH 
Va 
CH,-CHOH-CH,C + CoA-SH 


\ 
OH 


the B-ketobutyryl CGo-enzyme A (acetoacetyl Co-enzyme A) does 
not. Thus when 0-25um of $-hydroxybutyryl Co-enzyme A were 
dehydrogenated according to reaction (4) in presence of diphospho- 
pyridine nucleotide, 0-25um of the corresponding hydrogenated 
nucleotide were obtained and an equal amount of material reacting 
with hydroxylamine disappeared. No free —SH was produced. On 
addition of the cleavage enzyme and free Co-enzyme A, 0-47um of a 
compound reacting with hydroxylamine were obtained (acetyl 
Co-enzyme) and 0-24um of Co-enzyme A disappeared as required by 
reactions (4) and (5). The £-hydroxybutyryl Co-enzyme A had 
been dehydrogenated to the f-keto-derivative and this by reaction 
with free Co-enzyme A in presence of the cleavage enzyme yielded 
2 molar proportions of acetyl Co-enzyme A. 


Enzymic Oxidation of Octanoic Acid 


It will be appreciated that the five reactions discussed above have 
been worked out for the—apparently—simple oxidation of butyrate 
to acetate, which it must again be emphasized is exerted not on 
butyrate itself but on butyryl Co-enzyme A. The question arises— 
are the same reactions and enzymes concerned with the oxidation 
of the higher acids? There is little doubt that in the main this 
question can be answered in the affirmative, but there is at least one 
exceptional case. When Mahler and his colleagues began to study 
the enzymic oxidation of the higher fatty acids such as octanoic 
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acid CH,:-(CH,),-COOH they found that the system containing all 
the enzymes described in the preceding pages was incapable of 
converting this acid to acetic acid (in presence of Co-enzyme A) 
unless an additional enzyme were present. This was yellow in colour 
and, in the case of fatty acids higher than hexanoic, must be added 
in order to replace the green butyryl Co-enzyme A dehydrogenase 
which, it may be mentioned, was found to contain copper and flavin 
in the ratio of 2: 1. This yellow enzyme is a more general acyl 
Co-enzyme A dehydrogenase. It was also active for decanoyl 
Co-enzyme A. With this enzyme flus those already described the 
graded oxidation of octanoic acid to acetic acid was effected, through 
the Co-enzyme A derivatives, without, of course, any isolation of 
intermediate compounds. 

It appears to follow from Mahler’s results that this graded oxida- 
tion of octanoate to acetate proceeds thus: 


Octanoic Acid CH,-(CH,),-CH,-CH,-CO-OH 
Y 
Octanoyl-CoA CH,-(CH,),-CH,-CH,-CO-S:CoA 
y 
a B-Octenoyl-CoA CH,:(CH,),-CH : CH-CO-S-CoA 
p-Hydroxyoctanoyl-CoA CHy;-(CH,),4;CHOH-CH,-CO-S-CoA 
B-Ketooctanoyl-CoA CH;:(CH,),;-CO-CH,-CO-S-CoA 
Y 
Hexanoic acid + Acetyl-CoA CH,-(GH,),;COOH + 
| CH,-CO-S-CoA 
Hexanoyl-CoA CH,-(CH,).-CH,-CH,-CO-S-CoA 
: 2 stages omitted 
B-Ketohexanoyl-CoA — CHy-(CH,)2.CO-CH,-CO-S-CoA 
y 
Butyric acid + Acetyl-CoA CH,-(CH,),,;COOH + 
CH,CO-S-CoA 


3 stages omitted 


Acetoacetyl-CoA CH,-CO-CH,-CO-S-CoA 


CoA 
2 Acetyl-CoA 2CH,-:CO-S:CoA 
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Mahler points out once again that the Co-enzyme A derivatives 
of the fatty acids are the true intermediates in the oxidation of these 
acids. All the intermediate compounds in the scheme including the 
first and last stages are bound to Co-enzyme A by the thio-ester link 
as in R-CO-SR’. The processes leading to B-oxidation and the loss 
of two carbon atoms are effected only through acyl-Co-enzyme A 
derivatives. Consequently the total concentration of true inter- 
mediate compounds in the process of fatty acid oxidation can never 
exceed, and is probably much lower than, the total concentration of 
firmly bound Co-enzyme A in the mitochondria. This is as low as 
one mg. per gram of dry liver mitochondria. 

From a consideration of the ‘turnover numbers’ of the enzymes 
concerned (i.e. moles of substrate metabolized x moles! enzyme 
x min at 38°C) the conclusion is reached that the B-ketoacyl-Co- 
enzyme A derivatives form the only group in the whole sequence 
which are formed much more rapidly than they are metabolized. 
Consequently the majority of the Co-enzyme A which takes part in 
fatty acid oxidation should be combined as the f-ketoacyl derivatives 
at any moment and in the absence of any competing reactions. 

The part played by Co-enzyme A in fatty acid metabolism is also 
discussed by Krebs®* in a comprehensive review entitled The Control 
of Metabolic Processes. 
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compound with triethylphosphine, 
132 
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2-Carboxyethyl carboxymethyl aceto- 
thetin, 26 
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phide, 22, 23 
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phonium halide, 26 
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Carvone hydrosulphide, 12 
Carvotanacetone hydrosulphide, 12 
Cheiranthus cheiri, 139 
Cheirolin, 139, 163 
Chloromercury alkanethiols, 15, 17 
reaction with mercuric chloride, 15, 
17 
Choline, 52, 163, 164, 173, 193, 200, 231 
14CH,-compound, 189, 194, 195 
chloride, deuterio, 174, 177 
enzymic acetylation of, 208, 225, 231 
Choudrus crispus (carrageen), 32 
Clarase—papain, 210 
Cleavage enzyme, quantitative study 
with, 238 
Cleome spinosa, 148 
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acetoacetyl derivative, 233 
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as acetyl carrier, 210 
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biological assay of, 210 
biological re-formation of, 222 
biological synthesis of, 222, 223 
butyryl-, 235 
crotonyl-, 235 
décanoyl-, 239 
degradation products of, 209-11 
dephosphorylated, 221 
effect of pyrophosphate in, 222 
extraction from pig liver, 208 
extraction from S. fradiae cultures, 
209 
extraction from yeast, 209 
hydrolysis by acid, 209 
B-hydroxybutyryl-, 236 
_ dehydrogenation of, 236 
in condensation of acetic acid, 210 
in fatty acid metabolism, 231-40 
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Co-enzyme A—continued 
inactivation by iodoacetate, 229 
structure, 207, 219, 223 
Condensing enzyme, in biological syn- 
thesis of Co-enzyme A, 222, 223 
Conringia orientalis (hare’s ear mustard), 
155 
Coronopus didymus, 131 
Creatine, 52, 163, 164, 173, 174, 200 
Creatinine, 173 
Cyclic sulphides (‘thiophanes’) in acid 
sludge from petroleum, 74 
Cyclohexanethiol in Texas oil, 84 
Cyclopentanethiol in Texas oil, 84 
Cystine, 163 
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conversion to active methionine, 187 
enzymic formation, 187 
synthesis of, 187 
5’-Deoxy-5’-methylthioadenosine 
(adenine methylthiopentoside), 
182 
deamination by nitrous acid, 185 
formation from active methionine, 
187 
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reduction of, 185 
synthesis, 184, 185 
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185 
5-Deoxy-5-methylthio-D-arabinose, 184 
5’-Deoxy-5’-methylthioinosine 
formation from adenylmethylthio- 
pentoside by nitrous acid, 185 
synthesis from inosine, 185 
Dephospho-Co-enzyme A kinase, 222, 
223 
Deuterium ratio, 173, 174 
Dialkyl disulphides, 13-16 
fission by halogens, 14 
fission by mercuric chloride, 15 
fission by water, 14 
fission by reducing agents, 14 
separation from other sulphur com- 
pounds, 16-19 
Dialkyl selenides, reaction with mer- 
curic chloride, 9 
Dialkyl sulphides, 8-13 
biological formation, 12 
formation of sulphonium salts, 8 
in petroleum, 13 
preparation, 11 
purification, 8 
reactions, 8 


Dialkyl sulphides—continued 
reaction with mercuric acetate, 17 
reaction with mercury salts, 9 
reaction with palladium salts, 9 
reaction with platinum salts, 9 
separation from other sulphur com- 
pounds, 16-19 
Dialky] tellurides, 9 
dimethyl telluride, 164, 167 
Diallyl disulphide, 53 
Diary] disulphides 
conversion to aryl thiocyanates, 14 
fission by halogens, 14 
1 : 1’-Dicarboxydimethyl sulphide re- 
action with acrylic acid and hydro- 
gen chloride, 26 
Diethylarsine, 165 
Diethyl sulphide in acid sludge from 
petroleum, 73 
Diethyl] telluride, 164 


Diethyl trisulphide, reaction with 
mercuric acetate, 81 
Dihydrothionaphthen 


comparison with thionaphthen, 80 
reaction with mercuric acetate, 80 
Dimedone, in assay of C-formalde- 

hyde, 195 
Dimethylacetothetin chloride 
as methyl donor, 175 
reaction with 6N-hydrochloric acid, 
28 
Dimethyl disulphide, 13, 18, 23, 168 
Dimethylethanolamine, 177 
Dimethylglycine, 176 
5 : 5-Dimethyloxazolidine-2-thione, 155 
from glucoconringin, 155 
mechanism of formation, 156 
synthesis, 156 
Dimethyl-f-propiothetin salts, 34 
as methyl donors, 175 
as non-methyl donors, 190 
from P. fastigiata, 34 
from E. intestinalis, 36 
from Sp. arcta, 36 
reaction with thioacetic acid, 20-23, 
28 
reaction with 2-thiopropionic acid, 
20-23, 28 
Dimethyl selenide, 167 
evolution from seleniferous cultures 
of S. brevicaulis or Aspergillus niger, 
167 
identification and characterization, 
167 
radioactive, 188-93 
Dimethyl sulphide, 12, 20-2, 32-6, 37, 
168 
in acid sludge from petroleum, 73 
Dimethyl sulphone in Equisetae, 37 


245 


INDEX 


Dimethylsulphonium compounds, 165 
Dimethy] telluride 
evolution from cultures of S. brevi- 
caulis containing tellurite, 167 
exhalation by animals and man on 
receipt of tellurite, 167 
Dimethylthetin transmethylase, 176 
2 : 3-Dimethylthiophen 
in Kimmeridge shale oil, 77 
in Russian shale oil, 78 
2 : 4-Dimethylthiophen, pyrolysis, 77 
Dimethyl trisulphide, reaction with 
mercuric chloride, 81 
Di-n-amy] disulphide, 15 
reduction and methylation by S. 
brevicaulis, 168 
Di-n-butyl disulphide, 15 
reduction and methylation by S. 
brevicaulis, 168 
Di-n-butyl sulphide, in acid sludge 
from petroleum, 73 
Di-n-butyl tetrasulphide, inert to mer- 
curic acetate, 81 
Dipheny! disulphide, as dehydrogenat- 
ing agent, 108 
Diphenylene sulphide 
in coal tar, 75 
in lignite tar, 75 
Diphosphopyridine 
234, 237 
Djenkolic acid, 58-62 
isolation from djenkol beans, 59 
isolation from djenkol urine, 58 
structure, 59 
synthesis, 60 


7a oh 


nucleotide, 


Enteromorpha intestinalis, 12 
Equisetae 
dimethyl] sulphone in, 37 
sulphonium compound in, 37 
Equisetum arvense, 12, 37 
Ergothioneine 
in blood, 6 
in ergot, 6 
Eruca sativa, 149 
Erysimum perowskianum, 139 
Erysolin, 139 
Escherichia coli (Bacillus coli), 208 
Ethanethiol 
anti-tubercular effect of, 195-202 
conversion to CO, and urea, 198 
4C-derivatives of, 198 
°5S-derivatives of, 198 
inhibition of, by methanethiol, 198 
possible mechanism of, 198-202 
results with other inhibitors, 198 
Ethionine 
antagonist to methionine, 200 
as ethyl source, 201 


Ethionine—continued 
competition with methionine in 
yeast cultures, 201 
M4C.H, derivative 
effect on transmethylation, 200 
relation to ethyl analogues of choline 
and creatinine, 201 
Ethylarsonic acid 
evolution of ethyldimethylarsine in 
cultures of S. brevicaulis, 166 
S-Ethyl compounds, 195-202 
S-alkyl -8-mercaptopropionic acid, 
196 
anti-tubercular effect of, 195 
diethyl dithiozsophthalate, 195 
f-elimination of ethanethiol, 196 
ethyl thiobenzoate, 195 
sodium ethylthiosulphate, 195 
S-Ethyl-L-cysteine in tuberculosis 
therapy, 197 
Ethyl mercaptan (ethanethiol), 4 
addition to propylene, 11 
in Persian petroleum, 74 
Ethyl thioacetate, reaction with mer- 
curic acetate, 228 
S-Ethylthioadenosine 
and Aerobacter aerogenes, 201 
formation from DL-ethionine by 
yeasts, 201 
2-Ethylthiophen, in Kimmeridge shale 
oil, 77 
2-Ethylthiopropionic acid, methy] ester, 
abnormal hydrolysis, 21 
Eugenol, 163 


Fatty acids 
degradation by Co-enzyme A, 233 
enzymes in breakdown of, 233 
hydrogen peroxide and ammonium 
salts of, 232 
metabolism of, 232 
synthesis by Co-enzyme A, 233 
Felinine, 40 
in cats’ urine, 40, 62 
structure, 63 
synthesis, 63, 64 
Flavine adenine nucleotide, 234, 236 
Foetor hepaticus, 50 
methyl mercaptan formation in, 51 
origin of methyl mercaptan, 51 
significance of methionine, 52 
Formaldehyde, 164 
active, 61 
reaction with cysteine, 61 
a one-carbon fragment, 170, 177-9 
as possible methylating agent, 164 
from glycine by liver slices, 169 
from serine by liver slices, 169 
interaction of thiols with, 169 
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Formate, 177 
a one-C fragment, 177-9 
‘4C- as methyl source in plants, 193, 
195 
4C- as methyl source in rats, 177 


Germ-free rats, 177 
Glucoarabin, 151, 152 
Glucocamelinin, 152 
Glucocapparin, 148 
Glucocheirolin, 129 
Glucoconringin, 155 
structure, 157 
Glucoiberin, 129 
Glucosides yielding 
115-61 
Glucotropaeolin, 137 
synthesis, 138 
Glutathione, 181, 209, 220 
acetyl derivative, 231 
Glycine, 164, 168 
13C-derivative, 177 
14C-derivatives, 178 
enzymic oxidation, 169, 1/70 
and one-C fragments, 168, 177 
Glyoxylic acid, enzymic formation 
from glycine, 178 
Gosio-gas, 165, 166 
Grote’s reagent, 143 
Guanidinoacetic acid, 177, 181, 188, 
189, 191 
methylpherase, 181 


isothiocyanates, 


Hofmann’s isothiocyanate synthesis, 145 
Homocysteine, 24 
Homocystine, 174 
Hordenine 
from barley, 193 
betaine, (candicine), 193 
origin of methyl groups of, 193 
Hydrogenation with rhenium sulphides, 
92, 93 
Hydrogen sulphide 
effect on reaction of mercaptans with 
mercuric chloride, 4 
effect on reaction of mercaptans with 
mercuric cyanide, 4 
in mould cultures, 168 
reaction with ~f-unsaturated ketones, 
12 
Hydroxamic acids, 125 
p-Hydroxybenzyl cyanide, 128 
peHydroxybenzyl isothiocyanate, 124 
2-Hydroxyethyldimethylethylammo- 


nium hydroxide (ethylcholine), 
175 

Hydroxylamine 

O-alkyl derivatives and isothio- 


cyanates, 123 


Hydroxylamine—continued 
formation from sinalbin, 125 
formation from sinigrin, 123 
Hydroxymethylarsonic acid, 168, 169 
possible formation in __ biological 
methylation of arsenic, 168 
p-Hydroxyphenylacetic acid, 124 
p-Hydroxyphenylethylamine, 125 


Iberis amara, 129 
Iodine-azide (Feigl’s) reagent, 144 
Isoamyl mercaptan, in Persian petro- 
leum, 74 
Isomeric dithienyls, 65 
Isopropyl mercaptan, in Persian petro- 
leum, 74 
Isothiocyanate glucosides, paper chro- 
matography, 143 
Isothiocyanates, 115 
characterization, 145 
detection in plants, 145 
from Cappardiaceae, 144, 149 
from Cruciferae, 130, 131, 144, 149 
from Tropaeolaceae, 144, 149 
identification, 145 
isolation from plants, 145 
of natural occurrence, 144, 145 
3-Benzoyloxypropyl isothiocyanate, 
147 
3-Butenyl isothiocyanate, 146 
Ethyl isothiocyanate, 146 
2-Hydroxy-3-butenyl isothiocyanate, 
148, 158 
cyclization to L-5-vinyloxazoli- 
dine-2-thione, 158 
2-Hydroxy-2-methylpropyl isothio- 
cyanate, 148 
Isopropyl isothiocyanate, 146, 149 
3-Methanesulphinyl-n-propy] isothio- 
cyanate, 146 
4-Methanesulphinyl-n-butyl isothio- 
cyanate, 146 
4-Methanesulphinyl-3-butenyl —_iso- 
thiocyanate, 147 
5-Methanesulphinyl-n-pentyl isothio- 
cyanate, 146 
9-Methanesulphinyl-n-nonyl isothio- 
cyanate, 146, 151 
proof of structure, 151 
10-Methanesulphinyl-n-decyl isothio- 
cyanate, 147, 152 
proof of structure, 153 
3-Methanesulphonyl-n-propy] isothio- 
cyanate, 147 
4-Methanesulphonyl-n-butyl isothio- 
cyanate, 147 
o-Methoxybenzyl isothiocyanate, 147 
p-Methoxybenzy] isothiocyanate, 147 
Methyl isothiocyanate, 146, 148 
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Lsothiocyanates—continued 


3-Methylthiopropyl isothiocyanate, 
146 

4-Methylthiobutyl — isothiocyanate, 
146, 149 


synthesis, 150 

5-Methylthiopentyl 
146 

4-Pentenyl isothiocyanate, 146, 154 
synthesis, 155 

Isotopic selection, 179 

and succinodehydrogenase, 179 

fractionation value, 180 

in deuteriosuccinic acid, 179 

in methionine, 180 

in methyl alcohol, 180 

protium, deuterium, tritium, 180 


isothiocyanate, 


Junipal, 67 

Juniperic acid, 67 
Juniperus procera, 67 
z-Keto-y-methylthiobutyric acid, as 
methyl donor, 52, 191 


Lachnophyllum gossypinum, 65 
Lactobacillus arabinosus, 216 

bulgaricus, 212 

casei E, 210 
Lepidium menziesii, 149 

sativum, 130 
Lignin, origin of —OCH, groups of, 

194, 195 

Lipoic acid (thioctic acid), 6 
Lossen rearrangement, 125, 136, 139 
Low temperature coal tar, 76 
Lunaria biennis, 149 


Malic acid dehydrogenase, 237 
Mass spectra of sulphur compounds, 87, 
89, 90 
Matricaria inodora, 65 
Mercaptans (thiols) 
acidity, | 
biological formation, 5—7 
formation by biological reduction of 
disulphides, 6 
in petroleum, 7 
metal derivatives, 1, 2 
origin of the name, 1 
oxidation, 1, 2 
preparation, 5 
reaction with mercuric chloride, 3 
reaction with mercuric cyanide, 2 
separation from other sulphur com- 
pounds, 16-19 
Mercaptides 
preparation, 2 
thermal decomposition, 2 


Mercuric acetate, 78 
in fractionation of organic sulphides, 
108 
in separation of organic sulphides, 
78-82, 107, 108 
4C-Metabolites from moulds 
dimethyl selenide, 192 
ethyl methyl sulphide, 189 
trimethylarsine, 189 
Methacrylic acid, reaction with thio- 
acetic acid, 25 
Methionine 
active, 172, 176, 181, 182 
hydrolysis by water, 187 
synthesis from 5’-deoxy-5’-methyl- 
thioadenosine, 185 
synthesis from S-(5’-deoxyadeno- 
sine-5’-) homocysteine, 186 
methylsulphonium salts, 24 
sulphoxide, 40 
separation of isomers, 40, 41 
sulphoximine, 41 
occurrence in ‘agenized’ flour, 41 
separation from ‘agenized’ pro- 
teins, 42 
structure, 42 
synthesis, 42 
transmethylation from, 
188-95 
trideuterio, 173, 174 
18N-sulphuric acid and, 23, 163, 167 
M4CH,-compound, 188-95 
5-Methylthio-5-deoxy-D-ribose, 184 
Methyl alcohol 
4C- as methyl source in rats, 177 
isotopic selection in labelled, 180 
Methyl alkyl sulphides, 168 
from dialkyl disulphides 
brevicaulis, 168 
identification and characterization, 
168 
Methylation, enzymic 
effect of adenosine triphosphate, 181 
effect of homogenization, 181 
influence of conditions on, 181 
Methylation percentage, 188-92 
Methyl dimethylaminoacetate, 21 
Methyl 8-dimethylaminopropionate, 21 
Methyl ethyl acetothetin, 175 
Methyl ethyl sulphide, in acid sludge 
from petroleum, 73 
Methyl] ethyl sulphone 
from S-ethyl derivatives in animals, 
197, 198 
inertness to M. tuberculosis, 197 
Methyl n-amy] ketone in petroleum, 79 
Methyl n-butyl sulphide, from dogs’ 
urine, 13 


172," 173: 


and sos. 
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Methyl n-heptyl ketone 
from ammonium caprate and hy- 
drogen peroxide, 232 
in oil of rue, 232 
origin of, 232 
Methyl n-nony! ketone 
in oil of rue, 232 
origin of, 232 
Methyl n-propyl sulphide, from dogs’ 
urine, 13 
S-Methylcysteine 
and S. brevicaulis cultures, 51 
in Phaseolus vulgare, 39 
reaction with 18N-sulphuric acid, 24 
sulphoximine, 43 
Methyl donor, definition, 162, 172 
Methylmethioninesulphonium _ iodide, 
in A. niger—selenate cultures, 190 
S-Methyl-L-cysteine sulphoxide 
diastereoisomers, 38 
in cabbage, 38 
in turnip, 39 
N-Methylmorpholine, 215 
N’-Methylnicotinamide, 52 
formula, 164 
Methyl mercaptan (methanethiol) 
formation by Schizophyllum commune, 
4, 6, 168 
in pathological urine, 6 
in radish, 48 
in urine after ingestion of asparagus, 
6 
Methylpyridinium hydroxide, 163 
formation from pyridine in dogs, 164 
in Actinia equina, 163 
Methyl] synthesis in body, 177 
S-Methylthioacetic acid, 175-7 
2-Methylthiophen 
in Kimmeridge shale oil, 77 
in numerous mineral oils, 73 
in Russian shale oil, 78 
2-Methylthiopropionic acid, 20 
ethyl ester, 20 
methyl ester, abnormal hydrolysis, 
20-3 
methyl ester, normal hydrolysis, 20 


5-Methylthio-D-ribitol by reduction of 


5-methylthio-D-ribose, 185 
Methy! source, definition, 162 
S-Methylthiouronium sulphate in pre- 

paration of methyl mercaptan, 5 
Methyl transfer, 162 

Hofmeister’s early views, 164 
Riesser’s early views, 164 
Methyltriethylammonium iodide, in 

assay of *CH,, 194, 195 
N-Methyltyramine, 193 
Microsporum gypseum, 47 


Mitochondria, 233-40 
Co-enzyme A from, 233 
of animal tissues, 233 
of beef, 235 
of rat liver, 233 
Mycobacterium tuberculosis, 196 
Mycological methylation, use of “C 
derivatives in, 188-93 
Myrosin (myrosinase), 115 


Naphthenic acids, 111 
conversion to hydrocarbons, 112 
in petroleum, 111 
partial identification of, 112 
purification on alumina, 112 
Nasturtium officinale, 130 
Nickel, Raney, 10, 82, 83, 85, 88, 90- 
1 


Nicotiana rustica, 194 

Nicotinamide methylpherase, 181 

Nicotine, origin of methyl group of, 193 

Nicotinic acid, 164 

Nicotinuric acid, 164 

Nitriles in mustard oils, 118-21, 127-32, 
140-3 

p-Nitrobenzyl ethyl sulphone, 16 

p-Nitrobenzyl methyl sulphone, 16 


Octanoic acid 

chart of reactions, 239 

enzymic degradation to acetate, 239 
Oxaloacetic acid, enzymic conversion 

to citric acid, 237 

B-Oxidation 

of fatty acids, 232 

of lauric acid, 232 


Pantetheine, 212 
kinase, 222, 223 
synthesis, 213 
Pantetheine-4’-phosphate, 214 
enzymic conversion to Co-enzyme A, 
216 
from acidic or enzymic hydrolysis of 
Co-enzyme A, 214 
synthesis of DL- and D-compounds, 
215, 216 
Pantethine, 212 
synthesis, 213 
Pantoic acid 
lactone, 213 
4’-phosphate, 211 
Pantothenic acid 
methyl ester, 212 
2’-phosphate, 211, 212 
2’ : 4’-phosphate, 211 
4’-phosphate, 211, 212, 214 
Pantothenoylcysteine, 216, 224 
synthesis, 217 
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Pantothenoylcysteine - 4’ - phosphate, 
217, 224 
hydrolysis, 218 
oxidation and hydrolysis, 219 
synthesis, 218 
Paper chromatography 
of isothiocyanate glucosides, 143 
of sulphidimines, 44 
of thioureas, 143, 148, 149 
Penicillia, in biological methylation, 
171 
Pentamethylene 
hexane) 
in acid sludge from petroleum, 73 
in Texas oil, 86 
methyl derivatives of, in Texas oil, 86 
4-Pentenyl isothiocyanate, 130 
B-Phenylethyl isothiocyanate, 130 
B-Phenylpropionitrile, 130 
Phosphatase, 211 
intestinal, hydrolysis of Co-enzyme 
A, 219 
prostate, hydrolysis of Co-enzyme 
A, 219 
3’-nucleotidase, action on adenosine- 
3’-phosphate, 220 
3’-nucleotidase, action on Co-enzyme 
Pe ee Ose | 
3’-nucleotidase, action on two iso- 
meric diphosphoadenosines, 221 
3’-nucleotidase, action on triphospho- 
pyridine nucleotide, 221 
3’-nucleotidase, specific action of, 220 
Phosphochloridic acid, dibenzyl ester, 
213, 218 
Phosphotransacetylase, 229, 233 
relation to acetyl phosphate, 231 
relation to Co-enzyme A, 231 
Piperine, 163 
Polyacetylenes, 65-7 
in Compositae, 66 
in other plants, 66 
relation to thiophen derivatives, 66, 
67 
Polymethylene sulphides, 17 
Polysiphonia fastigiata, 8, 12, 32 
nigrescens, 12 
Potassium hydrogen sulphate 
anti-myrosinase effect, 135 
formation from isothiocyanate gluco- 
sides, 118, 129, 134, 137 
Progoitrin, 158 
enzymic hydrolysis, 158 
in rutabaga seeds, 158 
structure, 159 
Propionaldehyde in onions, 53 
n-Propylmercaptan (1-propanethiol), in 
onions, 6, 52 
Proteus morganii, 208 


sulphide (thiacyclo- 


Protopine 
origin of methylenedioxy group of, 
195 
origin of —NCH, group of, 195 
Pseudomonas saccharophila, 231 
Pteridium aquilinum (bracken), 12, 37 
Pyrophosphatase, 219 
nucleotide, hydrolysis of Co-enzyme 
A219 
snake venom, hydrolysis of Co- 
enzyme A, 221 
hydrolysis of triphosphopyridine 
nucleotide, 221 
Pyrophosphate group, 212, 219 
effect on biological synthesis of Co- 
enzyme A, 222 
elimination of, by enzymes, 224 
energy relations, 224 


Quinoline, 163 
conversion to methylquinolinium 
hydroxide in dogs, 164 


Radish seeds, 135 
4-methylsulphinyl-3-pentenonitrile 
rebel bons, 
sulphoraphene in, 135 
Raney nickel, 90-111, 141, 143 
absence of ring expansion, during 
desulphurization with, 108 
and alcoholic azobenzene orhydrazo- 
benzene, 101 
and alcoholic B-thionaphthol, 101 
and p-p’-dinitrodiphenyl disulphide, 
99 


and heptanal diethyl mercaptal, 101 
and phenyl p-methoxythiobenzoate, 
99 


and phenyl f-nitrothiobenzoate, 99 
desulphurization by, 88, 90-111 
interpretation of results of, 107-11 
mechanism of, 96-102 
of a bicyclic sulphide to cyclohep- 
tane, 108 
of a bicyclic sulphide to methyl- 
cyclohexane, 109 
of acetophenone ethylene mercap- 
tal, 96 
of alkylthienylbutyric acids, 95 
of alkylthionaphthens, 111 
of 2-amino-4-hydroxythiazole, 95 
of aromatic mercaptals, 101 
of benzaldehyde diethylmercaptal, 
96 


of benzaldehyde diphenylmercap- 
tal, 96, 97 

of benzophenone mercaptal, 106 

of biotin, 94 

of derivatives of carbohydrates, 
105-7 
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Raney nickel—continued 
desulphurization by—continued 

of diaryl disulphides, 96 

of dibenzothiophens, 111 

of dicyclopentylmethyl sulphide, 83 
of disulphides, 97 

of D-galactose diethylmercaptal 
penta-acetate, 106 

of ethane-1 : 2-dithiol, 111 

of felinine, 94 

of formaldehyde 
mercaptal, 97 

of formaldehyde diphenylmercap- 
tal, 96, 97 

of formaldehyde di-p-tolylmercap- 
tal, 97 

of 2-mercapto-benzthiazole, 96 

of E 2-mercapto-4-hydroxythiazole, 

6 

of methyl 2-thienyl ketone, 94 

of mixtures of mercaptans, 98 

of nickel di-p-tolyl mercaptide, 98 

of | 2-phenyl-2-benzenesulphiny] 
propionamide, 105 

of 2-phenyl-2-benzenesulphony|- 
propionamide, 103, 104 

of phenyl mercaptan (thiophenol), 
98 

of 2-phenyl-2-phenylsulphonylpro- 
pionamide, 10 

of 2-phenyl-2-phenylthiopropionic 
acid, 102 

of the amide, 103 

of the ethyl ester, 102 

of sinalbin, 125 

of sinigrin, 123 

of steroid derivatives, 107 

of sulphides of unknown structure, 


di-B-naphthyl- 


108 

of 6-thia-(1 : 2 : 3)-bicyclooctane, 
91 

of 8-thiabicyclo-[3 : 2 : 1]-octane, 
108 


of thiacyclohexane, 92 

of thiacyclopentane, 92 

of cis- and trans-2-thiadecalin, 83 

of cis- and trans-1-thiahydrindane, 
110 

of thioacetanilide, 94 

of thioacetic acid, 94 

of thiobenzanilide, 96 

of thiobenzoic esters, 96, 97, 99 

of «-thiocinnamic acid, 94 

of thionaphthoic esters, 96 

of thiophthens, 95 

of 2 : 3 + 5-trimethylthiacyelopen- 
tane, to 3-methylhexane, 109 

of trithioacetophenone, 97 


Raney nickel—continued 
disproportionation of mixed sulphides 
R-S:R’ by, 99 
fission of ethanol to methane by, 111 
free radicals in desulphurization by, 
98-101, 104, 105 
in synthetic work, 95 
olefine formation with, 110 
ring contraction, absence of during 
desulphurization with, 109 
stereochemical aspects of desul- 
phurization by, 102 
Raphanus sativus, 140 
Ricinine 
origin of —NCH, group of, 194 
origin of —OCH; group of, 194 
Ricinus communis, 194 


Saccharomyces cerevisiae, 201 
Safrole, 163 
Schizophyllum commune, 19, 168 
Schéberl’s sulphonium synthesis, 24-8 
mechanism, 27, 28 
Scopulariopsis brevicaulis, 6, 32, 165-8, 
189, 190, 197, 199 
absence of thetin 
from, 190 
Selenomethionine, 188 
conversion to active, 185 
enzymic synthesis, 188 
transmethylation from, 188 
Serine, 163, 177-9 
14C-derivatives, 178 
Silver derivatives from mustard oil 
glucosides, 119, 120.122) 127; 
128, 140 
action of sodium thiosulphate on, 
127, 128, 135-7 
Silver nitrate 
reaction with glucosides, 119, 121, 
122, 126-8, 140 
reaction with isothiocyanates, 141 
reaction with thioureas, 151, 154 
Silver oxide 
reaction with isothiocyanates, 141 
reaction with thioureas, 141 
Sinalbin 
chemical hydrolysis, 124, 125 
enzymic hydrolysis, 125 
reduction, 125 
structure, 124, 125 
Sinapinic acid, 124 
Sinapis juncea, 132 
Sinigrin (potassium myronate), 115-24 
allyl cyanide formation with myrosin- 
ase, 118-21 
chemical hydrolysis, 118, 119, 123, 
124 


transmethylase 
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Sinigrin—continued 
enzymic hydrolysis, 115-20 
reactions, 118-20, 123, 124 
structure, 116, 118-24 
sulphur formation with myrosinase, 
118, 128 
Sodium alkylthiosulphates, 195 
and M. tuberculosis, 196 
Sodium arylthiosulphates, 
tuberculosis, 196 
Sodium hydrogen sulphate, formation 
from progoitrin, 158 
Sodium, in liquid ammonia, 215, 218 
Sodium periodate, 220 
in determination of nucleotide struc- 
ture, 220 
Sodium xanthate (sodium ethyldithio- 
carbonate), 132 
Spongomorpha arcta, 37 
Styrene, quaternary pyridinium salt, 28 
Suberites domuncola, 12 
Sulphanilamide, 208 
enzymic acetylation of, 208, 224-6, 
220, 20) 
Sulphides, 73-114 
aromatic, behaviour 
acetate, 86 
in crude undistilled petroleum, 85 
in Kuwait oil, 86 
refractive indexes of, 79, 80, 83, 84, 
86, 112 
Sulphidimines, 10, 43, 44 
Sulphinic acids, 10 
Sulphones, 10 
Sulphonium salts 
alkaline fission, 11, 13 
in asparagus, 45 
in bracken, 37 
in dogs’ urine, 43 
in freshwater algae, 37 
in ‘horse tails,’ 37 
_ in marine algae, 34-6 
Sulphonium sulphates, from saturated 
sulphides and sulphuric acid, 73 
Sulphoraphene, 140-3, 167 
isolation, 140 
structure, 141 
Sulphoxides, 10 
natural, optically active, 140, 141 
stereochemistry, 142 
Sulphur 
from analogous silver compounds, 
127, 128 
from enzymic hydrolysis of isothio- 
cyanate glucosides, 118, 126, 128, 
129, 132, 134 
from silver sinigrinate, 
135-7 
from thiohydroxamic acids, 123, 139 


and M. 


to mercuric 


ES Bae bsg 


Sulphur formation from mustard oil 
glucosides, 126, 127 
Syringic acid, 125 


Tagetes erecta, 65 
x-Terthienyl, 65 
Tetraethylammonium bromide, as pre- 
cipitant for phosphotungstic acid, 
24 
Tertiary aliphatic arsines, identification 
and characterization of, 166 
Tetrahydrothiophen (thiacyclopentane) 
comparison with thiophen, 80 
in acid sludge from petroleum, 73 
in Kimmeridge shale oil, 77 
Tetramethylammonium hydroxide, in 
Actinia equina, 163 
Tetramethylammonium iodide, in as- 
say of #CH;, 194, 195 
‘Tetramethylthiophen 
in acid sludge from petroleum, 77, 82 
in low temperature tar, 77 
Thetin homocysteine methylpherase, 
187 
in enzymic methylation, 188 
preparation from horse liver, 187 
«-Thetins, 20 
‘Thiadamantane 
desulphurization, 85 
isolation from Persian petroleum, 85 
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